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Abstract 
Polymer electrolyte membrane fuel cells (PEMFCs) are compact power sources that 
can operate with high efficiencies and low emission of environmentally harmful gases. One 
of the major barriers impeding the development of PEMFC s as a competitive energy source 
is the inability of existing anode catalysts to oxidize fuels other than hydrogen at sufficient 
levels due to catalyst deactivation by carbon monoxide (CO) and other partial oxidation 
products. The focus of this research is the development and application of combinatorial 
strategies to construct and interrogate electrooxidation (anode) catalysts pertaining to 
PEMFCs to discover catalysts with enhanced performance in catalyst deactivating 
environments. A novel method (known as the "gel-transfer" method) for synthesizing 
catalyst composition gradient libraries for combinatorial catalyst discovery was developed. 
This method involved transferring a spatial concentration gradient of precursor metal salts 
created within a polymer gel on to a solid conducting substrate by electrochemical reduction. 
Chemically sensitive surface-imaging techniques, namely, scanning electrochemical 
microscopy (SECM) and optical screening with a pH-dependent fluorescence probe were 
used to characterize the combinatorial catalyst samples. The utility of SECM as a screening 
tool to measure the activity of multicomponent catalyst libraries towards fuel cell 
electrooxidation reactions was established with simple catalyst libraries including a platinum 
coverage gradient and platinum-ruthenium and platinum-ruthenium-molybdenum arrays. A 
platinum-ruthenium surface composition gradient was constructed through the gel-transfer 
method and its reactivity towards hydrogen oxidation in the presence of a catalyst poison 
(CO) was mapped using the SECM. Ruthenium composition between 20 and 30 % exhibited 
superior performance than the rest of the binary. The gel-transfer method was extended to 
construct a ternary platinum-ruthenium-rhodium catalyst library and its reactivity towards 
several electrooxidation reactions including oxidation of hydrogen, CO, methanol and 
xiii 
ethanol was mapped using a pH-sensitive fluorescent probe. Trends in reactivity for these 
reactions as a function of catalyst composition were determined. Future directions of this 
research are also presented. 
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Chapter 1. General Introduction 
1.1 Introduction 
An increase in demand for energy coupled with the limited availability of fossil fuels 
has encouraged the development of alternative sources of energy. The most important factors 
driving the global energy demand are population growth and economic growth in countries 
worldwide. The energy demand of a country can be directly linked to its economic growth 
[1], For example, the average annual per-capita consumption of oil in developing countries is 
2 barrels per year whereas it is 14.2 barrels per year for developed countries. In the year 
2002, the conventional sources of energy (i.e., fossil fuels including crude oil, coal and 
natural gas) supplied 90 % of the world energy [2], However, experts predict that fossil fuels 
will meet the world energy demand only for another 50 years [1]. 
One way to achieve a sustainable energy future is to use renewable energy resources. 
A renewable energy source does not depend on finite reserves and can be naturally 
replenished in a reasonable time-frame. Renewable energy resources currently constitute 1 % 
of the total energy consumption. This is expected to increase to about 6 % by 2025 and to 13 
% by 2050 [1], Examples of renewable energy sources include solar energy, wind energy , 
geothermal energy, tidal energy, hydroelectric power and biomass [3, 4]. However, many of 
these resources are not available continually. For instance, solar energy can be extracted only 
during daytime and wind energy can be extracted only during periods of steady wind. 
However, energy derived from these sources can be stored and used during need. For 
example, the energy extracted from one of the above sources can be used to produce 
hydrogen by electrolysis of water or production of liquid organic fuels such as methane from 
biomass, which can be used to fuel other energy converting devices. Energy conversion 
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technologies that can convert these stored energy sources (fuels) into useful work are 
therefore needed. 
Fuel cells represent energy conversion technology with several attributes which make 
them an appealing technology to be used in conjunction with renewable energy sources. Fuel 
cells convert chemical energy into electrical energy via electrochemical reactions. Fuel cells 
are compact power sources that can operate with high efficiencies and low emission of 
environmentally harmful gases. A variety of fuel cells are available that can operate in a wide 
range of temperature (70°-1000° C) (discussed in Chapter 2). Also, many different fuels 
including hydrogen, methanol, methane and other liquid organic fuels can be used in fuel 
cells which makes them flexible to be used in a wide range of modular applications [5]. Thus, 
in this solution to a sustainable energy future, fuel cells can act in synergy with renewable 
energy sources to solve the problems associated with the dwindling supply of fossil fuels. 
Fuel cells are being developed for a wide range of applications. 
In the transportation sector, fuel cells can be used to power vehicles such as cars and 
buses and potentially replace internal combustion engines. Automobile manufacturers are 
pursuing aggressive fuel cell research and most of them have released prototypes of fuel cell 
driven vehicles [6]. Fuel cells will also help de-centralize the power (electricity) sector. For 
example, small fuel cell power plants can be installed at homes for local generation of 
electricity (Ballard power systems, Canada has installed polymer electrolyte membrane fuel 
cells (PEMFC) in several residential areas [7]). High temperature fuel cells (molten 
carbonate fuel cells and solid oxide fuel cells) with several megawatts capacity can be 
installed for industrial use near the power consumption area [5], Fuel cells can also be used 
in portable applications such as laptop computers, cellular phones and other handheld 
devices, primarily due to their modular nature [8]. 
Large scale use of fuel cells has not yet been realized as they are expensive and do 
not currently meet the economics for mass-production. According to the targets set by the 
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Partnership for a New Generation of Vehicles (PNGV - a cooperative research and 
development program between the United States government and the United States Council 
for Automotive Research), for a 50 kW fuel cell to be used in practical automotive 
applications, it has to meet the following requirements [9]: energy efficiency of 48 % at 25 % 
power and 38 % at full power; current density of 0.139 A cm"2 at 25 % power and 0.680 A 
cm"2 at full power; cell voltage of 0.896 V at 25 % power and 0.680 V at peak power; and the 
cost of the power at less than $50 per kW with the total cost of catalysts (anode + cathode 
catalyst) less than $7.2 per kW. 
The state-of-the-art fuel cells deliver voltages up to 0.6 V at a current density of 1 A 
cm"2, when pure hydrogen is used as anode fuel [10]. This corresponds to a power density of 
(0.6 V x 1 A cm"2 = ) 0.6 W cm"2, which is close to the targets set above. But the cost of 
power per kW (discussed below) is still high due to high Pt loading. The total platinum 
catalyst loading in the above fuel cell system was 0.8 mg cm"2 with the anode and cathode 
loading being equal at 0.4 mg cm"2. The platinum-specific power density is then equal to 
(total Pt loading / power density = 0.8 / 0.6 =) 1.3 g of Pt per kW. With the price of Pt equal 
to $18,000 per kg [11], the cost of catalyst is $24 per kW, which is much higher than the 
target value of $7.2 per kW. Thus, for large-scale implementation of fuel cells, the total 
catalyst loading should be brought down to less than 0.4 g per kW (i.e., reduce total catalyst 
loading to less than 0.25 mg cm"2 from current value of 0.8 mg cm"2). These calculations are 
performed on the basis of using pure hydrogen as fuel. 
Due to problems in the storage, handling and distribution of pure hydrogen, this fuel 
is usually produced by steam reforming of liquid hydrocarbon fuel using onboard reformer 
systems or by directly using liquid organic fuels (such as methanol, ethanol, formic acid, etc.) 
as the anode feed. In these systems, carbon monoxide is an unavoidable by-product that 
either enters along with the anode feed (in the case of reformate hydrogen) or can be 
produced by incomplete oxidation during the oxidation of organic fuels. CO and other 
4 
organic intermediates (like -COH, -COOH, etc.) adsorb strongly on to Pt and block the sites 
available for oxidation of the fuel. This increases the anodic overpotential [12] and hence 
decreases the cell voltage delivered by the fuel cell. 
The negative effect of catalyst poisoning on performance and cost can be illustrated 
with an example. A recent study showed that the presence of 10 ppm of CO reduces the cell 
voltage of a PEM fuel cell by 0.2-0.3 V at a current density of 0.6 A cm"2 and by greater than 
0.6 V with 100 ppm CO in the feed [12, 13] (In the absence of CO, the cell voltage was 0.7 V 
at a current density of 0.6 A cm"2 according to [12]). As a result, the power density is reduced 
to 0.06 W cm"2 from the CO-free value of 0.42 W cm"2 (at an operating current density of 0.6 
A cm"2) [12]. Consequently, this increases the platinum loading required for a given power 
output and hence the cost of catalyst by a factor of 7 (0.42 / 0.06) to $168 per kW. However, 
to be commercially viable, the cost of catalyst needs to be brought down to less than $7.2 per 
kW. The loss in the cell voltage due to the presence of catalyst poison severely affects the 
fuel cell performance and hence keeps it from being used in practical applications. Thus, 
there is a need to bring down the anodic overpotential values for the fuel cells to be used in 
practical applications. For example, a reduction of 0.1 V in the overpotential increases the 
power density by 0.06 W cm"2 (at a current density of 0.6 A cm"2) which decreases the Pt 
loading and hence the catalyst cost by half. According to [14], the anodic overpotential 
values have to be brought down to values less than 0.2 V for fuels cells to be competitive in 
automotive applications. 
Figure 1.1 shows the plot of current density as a function of catalyst loading in a 
PEMFC. The curves in this figure correspond to a constant catalyst cost. The target region 
shown in this graph represents the region where the catalyst cost is lower than $7.2 per kW as 
set by PNGV for the application of fuel cells in practical applications. As indicated by block 
arrow in the figure, increase in anodic overpotential (due to catalyst poisoning) results in 
increased catalyst loading and consequently very high catalyst cost. The objective is to 
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improve catalyst performance and achieve catalyst loadings that lie in the target region for a 
given current density value. 
Thus, for fuel cells to be used in practical applications there is an obvious need for 
development of catalysts with improved performance (i.e, catalysts with higher power 
density and tolerance towards deactivating species such as CO, COH, COOH, etc.). The 
poison tolerance of platinum catalyst can be improved by employing multicomponent 
catalysts. One strategy is to alloy Pt with metals that can remove the catalyst deactivating 
species at lower potentials. This leads to a decrease in the anodic overpotential and hence 
higher cell voltage and power output. Some of the metals that have been added to platinum to 
improve its performance in fuel cells include ruthenium, molybdenum, rhodium, tin, osmium, 
etc. (A detailed discussion on the mechanism of improvement in catalyst activity by alloying 
is presented in section 2.3 in Chapter 2). 
To discover improved catalysts for the fuel cell electrooxidation reactions (Ha / CO, 
methanol, ethanol, etc.), one needs to test the reactivity of numerous combinations of 
multicomponent catalysts to thoroughly explore the candidate materials. For example, in a 
binary system PtxMy (where M is the metal added to Pt to improve its poison tolerance) all 
the possible catalyst compositions from 0 % M to 100 % M may need to be tested towards 
the reaction of interest to find a composition that is the most active in this binary system. In 
the traditional sequential catalyst discovery process, catalysts are synthesized and tested one 
composition at a time. This is an inefficient method of discovery as it requires a prohibitively 
long time to thoroughly test the full range of possible compositions. Combinatorial discovery 
routines represent an alternative method to search for highly active catalyst compositions. In 
combinatorial methods, a large number of catalyst compositions are synthesized on a single 
sample and subject to rapid screening to quickly identify target materials from a large search 
space. This methodology greatly reduces the discovery time resulting in more rapid 
identification of highly active catalysts. 
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1.2 Objectives 
The main objective of this research is the development and application of 
combinatorial strategies to construct and interrogate electrooxidation (anode) catalysts 
pertaining to polymer electrolyte membrane fuel cells (PEMFC) to find catalysts with better 
performance in catalyst-deactivating environments. The first objective is to develop methods 
to synthesize highly-dense sample libraries with spatially varying compositions of platinum-
based multicomponent catalysts. The common library platform used in combinatorial 
discovery is an array-type sample wherein discrete compositions are prepared in a serial 
fashion [15-17]. The drawbacks of this type of sample include large sample preparation times 
due to the serial nature of the process and the possibility of missing highly active 
compositions due to the discrete variation in composition. One way to counter these 
problems is to use gradient sample libraries. Gradient libraries consist of a continuous 
variation in catalyst compositions. If one can prepare gradient libraries in a parallel manner 
(i.e, synthesize the entire library in a single step), the library preparation time will be reduced 
considerably. In addition, since the variation in catalyst composition is continuous, the 
performance trends of complete catalyst systems can be mapped without missing any 
intermediate compositions. Hence, in this work, emphasis is laid on devising efficient 
methods to prepare catalyst composition gradients. 
Analytical tools to rapidly screen the catalyst libraries are equally as important as 
sample fabrication in combinatorial catalyst discovery. The second objective of this research 
is to develop and use screening tools that can locally probe the reactivity of catalyst libraries 
towards fuel cell electrooxidation reactions to identify the highly active compositions as well 
as to study the trends in reactivity as a function of composition. Scanning electrochemical 
microscope (SECM) is an analytical tool that can probe reactivity of surfaces on a local scale. 
The ability to position a microelectrode tip and scan it across a two dimensional surface can 
be exploited to employ the SECM as a screening tool. Also, quantitative information 
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regarding the reactivity of the catalysts (like reaction rate) can be deduced from the tip 
response [18]. Before using SECM as a screening tool for fuel cell catalyst discovery, its 
ability to map the reactivity of catalysts towards fuel cell electrooxidation reactions has to be 
validated by testing it on known catalyst surfaces. Another reactivity mapping tool that is 
used for screening fuel cell catalyst libraries is optical screening using a pH-based 
fluorescence indicator [15]. This is a highly parallel screening tool that identifies highly 
active compositions rapidly. 
The overall goal of our work is to combine the gradient sample preparation technique 
with reactivity screening to find highly active catalysts towards fuel cell electrooxidation 
reactions and to understand the possible causes for enhancement in activities. Reactivity 
mapping of gradient libraries containing complete catalyst systems should provide insights 
into the reaction mechanisms in multicomponent catalysts. In this work, methods to create 
discrete array-type catalyst libraries as well as continuous gradient type catalyst libraries are 
demonstrated. The utility of scanning electrochemical microscope (SECM) as a screening 
tool for combinatorial discovery of catalysts is also established. Several catalyst systems 
including platinum (Pt), platinum-ruthenium (Pt-Ru), platinum-ruthenium-molybdenum (Pt-
Ru-Mo) and platinum-ruthenium-rhodium (Pt-Ru-Rh) were synthesized and their reactivity 
towards fuel cell electrooxidation reactions was studied using the SECM and an optical 
screening method. 
1.3 Organization of Thesis Chapters 
The dissertation consists of seven chapters. References, tables and figures are located 
at the end of each chapter. Chapter 2 provides a literature review focusing on fuel cells, 
catalyst poisoning, combinatorial catalyst discovery, gradients, high-throughput screening, 
scanning electrochemical microscopy and optical screening. Chapter 3 describes a method 
for synthesis of electrooxidation catalysts that involves the fabrication and reactivity 
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mapping of a sample possessing a platinum coverage gradient. This chapter demonstrates a 
method for preparation of catalyst gradients using an induced electric field gradient. It also 
demonstrates the utility of SECM as a reactivity mapping tool for the combinatorial catalyst 
discovery process. In Chapter 4, the synthesis of arrays of platinum-ruthenium (PtxRuy) and 
platinum-ruthenium-molybdenum (PtxRuyMoz) catalysts and their characterization using the 
SECM is described. Chapter 5 deals with a novel method for combinatorial catalyst 
discovery based on the synthesis and reactivity mapping of a catalyst surface composition 
gradient. The development of a "Gel-Transfer" technique is described. In Chapter 6, the 
preparation of ternary platinum-ruthenium-rhodium (PtRuRh) catalyst library using the gel-
transfer method and their characterization towards the oxidation of fuels including hydrogen, 
methanol and ethanol using an optical screening method are described. Conclusions and 
future directions are given in Chapter 7. 
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Figure 1.1. Current density vs. Catalyst loading plot for a PEMFC showing the target region 
along with the current state-of-the-art for pure hydrogen (Hz) and reformate hydrogen (Hz / 
CO) as fuels. 
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Chapter 2. Literature Review 
2.1 Introduction 
In this Chapter, a literature review is presented. Section 2.2 describes fuel cells and 
discusses the history, classification and state-of-the art in anode catalysts. Catalyst poisoning 
issues in and the methodology followed to overcome this problem are reviewed in section 
2.3. Section 2.4 provides a background on combinatorial discovery along with needs and 
challenges pertaining to catalyst discovery. This discussion includes review of library 
fabrication followed by discussion of high-throughput screening tools adopted in this 
research. 
2.2 Fuel Cells 
A fuel cell converts chemical energy into electrical energy by direct electrochemical 
reactions. There has been an increased interest in the development of fuel cells as high 
energy density power supplies because of appealing attributes that include high theoretical 
energy efficiency, environment-friendly operation, simple cell design that involves no 
moving parts and hence no wear and tear, silent operation and ease of maintenance [1]. A 
distinctive feature of fuel cells is that they are not limited by the Camot cycle and, thus, 
possess potentially higher thermodynamic efficiencies than thermal engines (e.g., internal 
combustion engine) [2], 
The conversion of chemical energy to electrical energy in a fuel cell was first 
demonstrated more than 160 years ago independently by Sir William Grove [3] and Christian 
Schoenbein [4], However, it took another 120 years for the first commercial application [5] 
of the fuel cell, namely the use of alkaline fuel cells (AFC) in the NASA Apollo space 
program [6], Subsequently, AFCs have been operated for over 80,000 hours in NASA 
spacecrafts. In the following years, many potential fuel cell applications have emerged [2, 6-
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30]. Fuel cells have found use in military applications: the US navy has been using them 
since 1980s to power its submarines [30]. Almost every major car manufacturer has already 
released prototypes of fuel cell powered cars and plan commercial manufacture of fuel cell 
cars in the next few years [30]. More recently, companies like Plug Power and Ballard Power 
Systems have manufactured and installed stationary fuel cell stacks to power residential areas 
[30]. Much of the interest in the application of fuel cell power sources relates to potential 
benefits associated with higher efficiency, lower emissions and portability [23]. 
There are several types of fuel cells classified on the basis of the electrolyte employed 
[6, 19]: 
• alkaline fuel cell (AFC) 
• proton exchange membrane fuel cell (PEMFC) 
• phosphoric acid fuel cell (PAFC) 
• molten carbonate fuel cell (MCFC) 
• solid oxide fuel cell (SOFC). 
AFC, PEMFC and PAFC are low temperature fuel cells that operate in the temperature range 
70-200 °C. MCFC and SOFC fall under the high temperature category and operate at 600-
1000 °C. PEMFCs have been a subject of intense research in the past decade [2, 6-30] due to 
their potential as a substitute for gasoline-driven engines in automobiles as well as their use 
in other portable applications like cellular phones and laptop computers [28]. However, 
PEMFC technology has not yet reached competitive levels due to high cost and low 
performance. 
In a typical PEMFC (Figure 2.1), a fuel is fed at the anode where it is oxidized to 
produce protons. The protons produced at the anode are transported through a proton-
conducting membrane to the cathode. Oxygen is fed at the cathode where it combines with 
protons and is reduced to form water. By connecting an external load to this system, 
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electrical energy can be generated. The reactions at anode and cathode for hydrogen as the 
fuel are 
H:->2H++2e- E°a„ode = OV (1) 
02 + 4H+ + 4e" -> 2H20 E°cath0de = 1.23 V (2) 
where E°anode and E°cathode are the standard electrode potentials for these reactions. The 
theoretical cell voltage for this system is E°ceii = E0anode - E°cathode = 1.23 V. However, the cell 
voltage in actual fuel cells is typically much lower than this value. This is attributed to the 
losses in the fuel cell including activation losses, ohmic losses, mass transport losses and 
losses due to fuel crossover from anode to cathode [2], Deactivation of anode and cathode 
catalysts by species such as carbon monoxide (CO) also accounts for a major portion of the 
decrease in fuel cell performance (discussed in section 2.3). 
The state-of-the-art PEM fuel cells use a membrane electrode assembly (MEA) which 
consists of a membrane, a dispersed noble-metal catalyst layer and a gas-diffusion layer [31]. 
Nafion is the most widely used membrane in these fuel cells. The catalysts are typically 
platinum and its alloys dispersed on the Nafion membrane as high surface area nanoparticles. 
There has been a tremendous improvement in catalyst loading in recent years, decreasing 
from ~ 4 mg cm"2 to 0.4 mg cm"2 within the past decade [32, 33]. But this is still higher than 
the target Pt loading of less than 0.4 g of Pt per kW which corresponds to a Pt loading of less 
than 0.1 mg cm"2 set by the partnership for new generation of vehicles (PNGV). As discussed 
in Chapter 1, the presence of catalyst poisons such as CO further increases the Pt loading 
required for fuel cell operation and hence the corresponding cost of power. One way to 
decrease the Pt loading in catalyst de-activating environments is to employ catalysts that 
have higher poison tolerance. The following section discusses catalyst poisoning and various 
approaches to solve this problem. 
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2.3 Catalyst Poisoning 
Hydrogen represents an ideal fuel for PEMFC s since it has low oxidation 
overpotential and rapid kinetics on platinum catalysts [29]. However, storage of hydrogen in 
the liquid or gaseous form for portable applications poses serious safety problems due to its 
explosive nature. Also, production and distribution of hydrogen on a large scale needs new 
infrastructure, which is currently not available or economical [34]. Another drawback of 
using hydrogen as anode fuel is its low energy density (energy supplied per unit volume of 
fuel) compared to other liquid organic fuels (Table 2.1) which translates into a bulky fuel 
storage system. To overcome this problem, hydrogen is usually produced by steam reforming 
of natural gas or liquid hydrocarbon fuels using onboard reformer systems [35]. CO is an 
unavoidable by-product of such processes and as low as 10 ppm of CO in the anode feed 
poisons platinum catalysts, thus severely affecting fuel cell performance [29]. CO adsorbs 
strongly onto platinum catalysts, thus blocking the sites available for oxidation of %. This 
increases the overpotential for hydrogen oxidation on Pt by more than 0.6 V, which results in 
the decrease in overall cell voltage. The overall cell potential of a fuel cell can be given by 
the following equation: 
^ cell ("^cathode cathode ) (^anode ^7anode ) s (^) 
where E"cathode and E°annde are the standard electrode potentials for the cathodic (oxygen 
reduction) and anodic (hydrogen oxidation) reactions, r\cathode and Tjannde are cathodic and 
anodic overpotentials and IRS accounts for the ohmic losses in the cell. The value of E"cathode -
Knode is 1 -23 V, which is the cell voltage under ideal conditions. The other factors in eq. 3 
account for the nonideality of a real fuel cell system. Typical overpotential for oxygen 
reduction (r/calhode) on platinum is 0.5 V [36]. When pure hydrogen is used as the fuel the 
anodic overpotential ( rjanode ) on a platinum catalyst is close to 0 V. But when reformed 
hydrogen (H^ / CO) is used, this value is above 0.6 V [29]. These two non-idealities 
15 
connected with the catalyst bring down cell voltage to a very low value and hence increase 
the cost of fuel cell power (Chapter 1). 
The difficulty in storage and handling of pure hydrogen and the bulkiness of 
reformers has instigated the search for alternative fuels for low temperature proton exchange 
membrane fuel cells. A variety of organic fuels such as methanol [37-55], ethanol [56-59], 
formic acid [57, 60-67], propanol [68], and dimethyl ether [69] have been considered. In 
addition to their high energy density (and hence a smaller volume of fuel to deliver the same 
amount of power), these fuels have the advantage of safe handling and easier transportation 
compared to gaseous or liquid hydrogen [34]. Also, existing infrastructure for gasoline (like 
gas stations) can be modified to distribute these fuels. 
The use of liquid organic fuels in PEMFCs will lead to the development of compact 
power sources without the need of a bulky reformer. The general reaction scheme for 
electrooxidation of alcohols is [25]: 
C„H2n+1OH + (2n - l)H20 -> »C02 + 6„H+ + 6ne (4) 
Methanol and ethanol are particularly attractive fuels as they have low theoretical oxidation 
potentials (close to that of hydrogen), which means that when used in fuel cells they would 
give cell potentials comparable to hydrogen fuel cells. The overall reactions for methanol and 
ethanol electrooxidation are: 
CH30H + H20->C02 + 6H+ + 6e" E°= 0.03 V (5) 
C2H50H + 3H20 -» 2C02 + 12H+ +12e" E°= 0.084 V (6) 
With an oxygen reduction potential of 1.23 V, direct methanol and ethanol fuel cells would 
give a theoretical cell voltage of 1.20 V and 1.15 V respectively. However, these reactions 
are problematic due to the formation of catalyst-deactivating partial oxidation products such 
as -CO, -COH, -COOH, etc. 
There have been a number of studies dedicated to the development of improved 
catalysts for the direct oxidation of alcohols [25, 47, 49, 59, 68]. A requirement for these 
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catalysts is the ability to break C-H and O-H bonds as well as activate (cleave) the C-C 
bonds. To date, platinum is the best catalyst known to activate these bonds in an acid [25]. 
Unfortunately, platinum cannot sustain these reactions because the partial oxidation products 
such as CO, COH, COOH, etc. adsorb to and poison the active sites. This, in turn, leads to 
higher anodic overpotential and a low cell voltage. Thus, the deactivation of anode catalysts 
by fuels such as methanol, formic acid or hydrogen from reformer systems (H2/CO) poses a 
serious problem for PEMFCs to be used in practical applications (vide infra). Hence there is 
a clear need to develop highly active anode catalysts for fuel cells to find widespread 
application. 
The poison tolerance of Pt can be improved by alloying it with metals that can 
remove the catalyst deactivating species at much lower potentials than Pt. Considerable effort 
has been expended to develop anode catalysts with potentially higher activity and poison 
tolerance [38, 54, 55, 70-72], Many studies involving the alloying of platinum with other 
metals have shown improved performance towards fuel cell electrooxdiation reactions in the 
presence of catalyst poisons (e.g., CO). Several different catalyst compositions have been 
identified to possess higher activity compared to platinum. The improvements in activity of 
multicomponent catalysts are attributed to either or both of the following mechanisms: (i) 
Afunctional mechanism [40, 73-75] and (ii) electronic or ligand effect [76-78]. 
In the Afunctional mechanism, the second metal (M) in a PtxMy catalyst adsorbs and 
dissociates water at lower potentials than Pt forming surface hydroxides and / or oxides (M -
OH). These adsorbed hydroxides then react with CO forming CO2. 
M + H20 —> M - OH + H+ + e (7) 
Pt - CO + M - OH —» Pt + M + C02 + H+ + e" (8) 
The affinity of M towards oxygen will affect its ability to adsorb water (forming surface 
oxides) and the ease of breakage of the M-OH bonds during the formation of C02. Thus, 
poison tolerance can be enhanced by adding metals that can more readily form surface oxides 
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than platinum. Table 2.2 shows the M-0 bond strengths for various metals [79]. It can be 
noted that all the elements shown in the table (Ru, Mo, Rh, Ir, Os and Sn) have higher M-0 
bond energies than platinum and hence higher affinity towards oxygen. Also, oxides of many 
of these metals are stable under the fuel cell conditions as predicted from Pourbaix diagrams 
[80]. 
In the ligand effect, the second metal favorably modifies the electronic structure of Pt 
J-band resulting in weakening of the Pt - CO bond thereby facilitating the removal of 
adsorbed CO at lower potentials [76, 81-83]. Based on the above discussion of the two 
mechanisms, several metals including ruthenium (Ru), molybdenum (Mo), tin (Sn), iridium 
(Ir) and osmium (Os) are good candidates [81-83] to be alloyed with platinum to improve its 
activity. Ru, Mo, Ir, Rh and Os are believed to enhance the activity through the Afunctional 
mechanism while Sn promotes catalytic activity through the ligand effect. Also, several 
experimental studies on platinum-based alloys comprising one or more of the metals 
including ruthenium [37, 41, 56, 58, 72, 73, 84-116], molybdenum [58, 117-126], tin [39, 41, 
42, 50, 60, 63, 84, 91, 127-144], osmium [48, 65, 71, 72, 89, 145], rhodium [71], iridium [71, 
146-148], bismuth [64, 131, 149-154], rhenium [155, 156] and others [38] have shown 
improved activity in catalyst-deactivating environments. Tables 2.3 and 2.4 give the 
comparison of different compositions of catalysts reported as highly active by different 
groups for H2 / CO and methanol oxidation respectively. There are disagreements about the 
optimum composition from studies conducted by the different groups. For example, for Hz / 
CO oxidation values of Pt-Ru compositions ranging from 80:20 to 50:50 have been reported 
and for methanol oxidation, Pt:Ru compositions ranging from 90:10 to 50:50 have been 
reported as optimum. The major reason for these discrepancies is the effect of surface 
enrichment of Pt in the bimetallic alloys which was not accounted for in some of these 
studies. Although the bulk compositions may be different, due to surface segregation the 
surface compositions of these alloys might be similar with lower Ru compositions showing 
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higher acitivty [157-160], Even though improved performance has been demonstrated for a 
number of these systems, necessary levels of performance are yet to be achieved [85, 161]. 
Hence, there is a further need to study several multicomponent combinations of these 
catalysts to discover the compositions that give highest activities. 
The possibility of employing multicomponent catalyst for fuel cell electrooxidation 
reactions leads to a large composition space that has to be searched to find highly active 
catalysts for the various reactions. A discussion on methodology to carry out this discovery 
process is given in the next section. 
2.4 Combinatorial Catalyst Discovery 
As discussed in previous sections, there is a clear need for the discovery of highly 
active multicomponent catalysts for fuel cell electrooxidation reactions. One of the barriers 
impeding the discovery of more active and poison-tolerant anode catalysts is the vast 
composition space that must be sampled in order to thoroughly evaluate the range of 
composition and structure that forms the basis for the next generation catalysts [162, 163]. 
The multifunctional requirements of catalysts for the direct oxidation of hydrocarbons, which 
include the ability to activate C - H, C - O, and even C - C bonds, suggest that optimum 
performance will require multicomponent binary, ternary or even quaternary catalysts [70, 
71]. Given the vast number of potential catalyst combinations available for study, the 
traditional mode of sequential preparation and testing of new catalysts is an intractable 
approach to efficiently map out parameter space. Also, since it is not realistic to synthesize 
and test every possible catalyst composition, the possibility exists that one might miss 
discovering the "true" optimal composition. Thus, the only practical way to find optimum 
catalyst formulations for various fuel cell reactions is through combinatorial catalyst 
discovery. In combinatorial methods, instead of preparing and analyzing one composition at 
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a time, libraries consisting of a large number of catalyst compositions are prepared and 
analyzed in parallel for their reactivity. 
Combinatorial methods show great promise to efficiently identify candidate materials 
or sample vast regions of composition space for further exploration [164, 165]. In 
combinatorial discovery a large number of compositions are synthesized and screened for 
activity in parallel. Since its introduction in the 1980s, the concept of combinatorial materials 
synthesis and high-throughput screening has been applied in a wide range of fields. 
Combinatorial methods have been exploited in systems that include drug discovery [166-
168], luminescent materials and phosphors [169, 170], homogeneous and heterogeneous 
catalysis [165, 166, 168, 171-178], surface chemistry [179, 180], hydrothermal synthesis 
[181, 182] and dielectric materials and superconductors [183]. An attractive feature of 
combinatorial methods is their ability to systematically study the performance of materials 
toward a property of interest (for example, luminescence, reaction rate, etc.) as a function of 
a relevant material or processing parameter. 
There are two basic requirements for the successful application of combinatorial 
methods in catalyst discovery, namely, methods to create spatially varying catalyst libraries 
and analytical tools to screen the reactivity of these libraries. The following two sections 
discuss these requirements. 
2.4.1 Combinatorial Library Fabrication 
Two library platforms that are commonly used in combinatorial catalyst discovery are 
arrays and gradients. In array-type samples, arrays of discrete compositions are synthesized 
in a serial fashion. The catalyst compositions are typically varied in incremental steps; for 
example, if one wants to study a binary catalyst system MxNy, x and y can be varied in steps 
of 1, 5, 10, etc. (with x + y = 100). The library size and consequently the preparation time 
increases with smaller step sizes (larger libraries). For instance, if the step size in a binary 
20 
system is chosen as 10 (i.e., decrease the composition of one component by 10 % while 
simultaneously increasing the other by 10 %), then the catalyst library would contain 11 
elements; a step size of 1 would result in library with 101 elements and so on. Thus, there is a 
trade-off between the construction of a complete library consisting of all the possible 
compositions of M and N and the time spent in preparing these libraries. 
Preparation of array-type samples for combinatorial studies is often achieved by 
physical vapor deposition or wet chemical methods. Physical vapor deposition methods for 
library fabrication include sputtering or electron-beam evaporation combined with a series of 
masking steps [184-186]. Chemical methods include "split-and-pool" and "split-and-mix" 
solid phase synthesis [187], liquid dosage into miniature wells followed by reactive 
processing [182, 188] and ink-jet printing techniques [71]. Although array-based samples are 
the most commonly used library platform in combinatorial studies, gradients are particularly 
appealing samples in that a complete and highly dense composition spread can be 
constructed rapidly. 
Gradient samples consist of a continuous variation in catalyst composition. One of the 
key attributes of gradient libraries is that the sample preparation time is dramatically reduced 
as the composition gradient can be created in parallel. Also, the variation in catalyst 
composition is continuous. Thus, a highly dense library is constructed and the behavior of the 
complete catalyst systems mapped without missing any potential compositions. This is in 
contrast to the array-type library in which the possibility of missing highly active 
compositions exists due to the discrete changes in the composition in the library. 
In our approach towards combinatorial catalyst libraries, we have focused on 
developing methods for synthesis of catalyst gradients. Methods for the synthesis and 
characterization of materials possessing gradients in composition or structure are of interest 
for the applications that require a controlled variation in interfacial, surface or bulk properties 
[189]. Since the work on wettability gradients by Elwing et al [190], preparation and 
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characterization of gradient surface and materials has gained momentum. According to 
Elwing and Golander, in gradient methods, "...instead of using several surface preparations 
with constant chemical property, a single surface is used and one chemical property of the 
surface is continuously varied''' [191]. Gradients have been used to create functionally-graded 
structural materials with higher performance levels [189, 192], dense libraries for 
combinatorial materials discovery [184], novel sensor and actuator platforms [193], and 
control the site-specific binding of proteins and cells on surfaces [194]. Interest in the 
construction of surface gradients has increased in the past decade partly due to their 
application in materials discovery and sensor design [194-196]. 
A variety of methods for the construction of gradients have been reported, including 
liquid and gas diffusion [191, 194, 197], plasma discharge [198], microfluidic networks [199, 
200], STM based replacement lithography [201], physical vapor deposition with oblique 
angle of incidence [202] and induced electric field [203-207] gradients. These gradient 
samples have been used for numerous studies, including protein interaction with surfaces 
[191], motion of liquid drops induced by chemical gradients [197], critical demixing in lipid 
bilayer membranes [208, 209], exploring the effect of nanometer-scale topography on the 
orientations of liquid crystals [202] and imaging spatially controlled oxidation of hydrogen 
peroxide [203]. Recently, several combinatorial studies have used gradient libraries to study 
temperature and thickness dependent polymer thin-film dewetting [196] and study 
mushroom-to-brush crossover in surface anchored polyacrylamide films [210]. Although 
gradient platforms have been used in several fields involving combinatorial studies, there is 
no study focused on the synthesis and screening of gradient libraries towards catalyst 
discovery prior to this research. 
In the current work, we developed a simple method to prepare catalyst surface 
composition gradients that was based on a gel-transfer technique which involved transferring 
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a concentration gradient of precursor metal salts created within a polymer gel onto a 
conducting substrate as a composition gradient through electrodeposition. 
2.4.2 High-Throughput Screening 
The second major requisite for the successful application of combinatorial methods in 
heterogeneous catalysis is the availability of screening tools that provide chemical 
information with the capability of high-throughput processing (vide infra). High-throughput 
screening for catalyst discovery is the process of evaluating the reactivity of combinatorial 
libraries in a rapid manner towards a reaction of interest [162]. A high-throughput screening 
tool should ideally be able to provide reactivity information of catalyst libraries within very 
short experimental times by serial or parallel analysis during the reaction [211]. 
A variety of techniques have been developed for high-throughput screening in 
catalyst systems. These include infrared thermography [187, 188], scanning mass 
spectrometry [212-216], gas chromatography [171], resonance enhanced multiphoton 
ionization (REMPI) [217-219], Fourier transform infrared imaging (FTIR) [176-178], pH-
sensitive fluorescence indicators [70, 71], visual colorimetric assay [220], and reactive dyes 
[221, 222]. In electrochemical systems, the application of electrode arrays with individually 
addressable electrodes allows for quantitative high-throughput measurement of individual 
reaction currents [223, 224]. The ease of constructing micro fabricated electrode arrays via 
traditional microelectronics processing steps has facilitated these studies [225]. 
In one of the early works in combinatorial discovery of fuel cell catalysts, Mallouk et 
al developed proton detection schemes in which a pH-sensitive optical screening method was 
employed to identify the onset of methanol oxidation through detection of proton evolution 
[71]. Optical screening is a highly parallel and rapid screening method which identifies active 
catalyst compositions in large libraries in a very short time. Although this is a rapid and 
parallel method, it suffers from limited spatial resolution (discussed in section 2.4.2.2) and 
23 
inability to differentiate between partial and complete oxidation processes. In addition, 
quantitative information concerning reaction rates, reaction pathways, and interfacial 
chemistry is difficult to obtain. This is because this method is indirect, i.e, it detects the 
decrease in pH during electrooxdiation reactions and does not allow one to measure the 
electrochemical current directly. To deduce quantitative information such as reaction rates 
and pathways, calibration of fluorescence intensity as a function of substrate current on a 
known substrate has to be performed for the reaction of interest as well as the possible 
intermediates and then validated for the catalyst systems that are studied. This procedure, in 
addition to potentially higher experimental error values, is time-consuming and not required 
for rapid assessment of combinatorial libraries. Thus, optical screening can be used as a 
primary screening tool to explore complex compositions (binary, ternary and quaternary 
compositions) and rapidly identify zones of active regions. 
In our work, we demonstrate the utility of the scanning electrochemical microscope 
(SECM) as a screening tool to overcome some of the limitations of optical screening 
mentioned above. SECM can probe the local surface reactivities directly and reaction rate 
information can be obtained from the SECM screening studies (discussed in section 2.4.2.1). 
Complex reactions such as hydrogen oxidation in the presence of CO can be decoupled easily 
using SECM. A drawback of SECM as a screening tool is that it is a serial mapping 
technique and the experimental time is considerable for larger libraries. For example, a single 
SECM line scan across a 15 mm long one-dimensional catalyst sample takes 150 sec at a tip 
scan rate of 100 pm s'1. For deducing the potential dependent reactivity of the sample in the 
presence of catalyst poisons like CO, line scans are obtained at several potentials by stepping 
the substrate potentials between line scans: assuming a typical value of 40 different potentials 
(i.e, 40 line scans), the experimental time required is 100 min. On the other hand, for a 15 
mm x 15 mm catalyst library, the estimated experimental time is ~ 1000 hrs if we obtain 15 
mm line scans in x-direction while stepping 25 p.m in the y-direction between each scan. This 
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experimental time is too high and impractical, which limits SECM as a reactivity mapping 
tool for screening larger libraries. Thus, optical screening is a more rapid and parallel 
screening method while SECM is a serial screening tool that can provide quantitative 
reactivity information quickly. We used both these screening tools in our work - optical 
screening for a two-dimensional ternary catalyst library and SECM for reactivity mapping of 
one-dimensional libraries, and the following sections discuss these two techniques. 
2.4.2.1 Scanning Electrochemical Microscope (SECM) as Screening Tool 
Fundamental electrochemical studies on platinum and platinum-based alloys have 
provided detailed information regarding the reaction kinetics for the hydrogen oxidation 
reaction as well as the influence of catalyst deactivating species such as CO [94, 95]. Most of 
these studies are limited by their inability to probe high reaction rates or to spatially sample 
an electrode surface. Although rotating disk electrodes (RDE) can access higher reaction 
rates (ks ~ 0.1 cm s"1) than other conventional electrochemical methods such as voltammetry, 
it is not sufficient to probe fast reactions (ks > 0.1 cm s"1). This is due to the mechanical 
limitations of the RDE and the onset of fluid turbulence at high rotation speeds. Also, in 
multiple reaction systems, such as hydrogen oxidation in the presence of CO, it is necessary 
to deconvolute the current contributions from hydrogen oxidation and CO oxidation reactions 
[95]. To overcome these limitations, the scanning electrochemical microscope (SECM) can 
be employed to probe catalytic reactions of interest in fuel cells. 
The SECM consists of an ultra-microelectrode (UME) tip that can be scanned in the 
close proximity to a sample surface (Figure 2.2) [226-228]. The ability of SECM to position 
a UME tip near a solid-liquid interface creates mass transfer between the tip and substrate 
that lets it access much higher reaction rate constants (~ 1 cm s"1 - discussed below) than that 
can be measured with RDE [229]. Also, the tip response can be used to decouple complex 
reactions (for example, hydrogen oxidation in the presence of CO) by detecting a specific 
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reaction taking place on the substrate. The ability to perform kinetic measurements as a 
function of spatial position makes the SECM an attractive screening tool to perform 
reactivity imaging of catalyst libraries. 
A UME is defined as an electrode with at least one dimension in the micrometer 
range (smaller than 25 pm) [230]. UME s have typical properties such as small currents, 
steady-state responses and very short response times which have been exploited to gain better 
understanding of electrochemistry of various systems [231-234]. The diffusion of 
electroactive species towards a disc UME follows a hemispherical profile as opposed to the 
planar diffusion profile for macroelectrodes. Figure 2.3 shows the cyclic voltammogram of a 
disc microelectrode towards an electrochemical reduction reaction: 
O + ne" -> R (9) 
The curve is sigmoidal and the mass-transfer limited electrode current is constant and given 
by: 
iTK=4nFDCa (10) 
where n is the number of electrons transferred during the reaction, F is Faraday's constant, D 
is the diffusion coefficient of O, C is the bulk concentration of O and a is the radius of the 
microelectrode. As mentioned earlier, UMEs have smaller response times than the bulk 
electrodes. Response time is defined as the time taken by the microelectrode to detect the 
changes in the processes taking place at the surface; the response time is directly proportional 
to the radius of the electrode [230, 231]. For example, for an electrode of 1 mm radius, the 
response time is about 0.3 ms while for a microelectrode of radius 5 pm, the response time 
drops to about 1.7 ps [230]. This ability of UMEs to respond rapidly to changes at the 
interface can be used in SECM for investigating fast electron-transfer reactions such as the 
electrooxidation of hydrogen. 
During SECM experiments, the tip potential is held constant at a value where the 
diffusion-limited (i.e., mass-transfer limited) reduction of the reactant O occurs (denoted by * 
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in Figure 2.3). When the microelectrode tip is far away from a substrate the tip current 
remains constant at a value given by eq 10. However, as the tip is brought close to a substrate 
the tip current changes depending on the reactivity of the substrate. When the tip is 
approached towards an active (conducting) substrate, i.e. a substrate that can oxidize R back 
to O, the tip current increases due to an increased local concentration of O. This is termed as 
positive feedback. 
R-»0 + „e (11) 
On the other hand, when the tip is approached towards an inactive (insulating) substrate, the 
tip current decreases due to hindered diffusion of O from the bulk solution. This is termed as 
negative feedback. Figure 2.4 shows the approach curves of a microelectrode tip towards 
conducting (positive feedback) and insulating (negative feedback) substrates. It can be seen 
that the tip current increases with decreasing tip-substrate separation when it approaches a 
conducting substrate and vice versa. The magnitude of the tip current depends on the tip-
substrate separation (d) and the reaction rate constant (ks) of the substrate. Thus, the SECM 
can be used to measure the reactivities of catalysts towards electrochemical reactions: 
R -> R^——>Oads -» O + ne' (12) 
Specifically, the hydrogen oxidation reaction (HOR) can be studied by holding the tip at a 
potential where the diffusion-limited reduction of protons occurs and approaching the tip 
towards the catalyst substrate in an acidic solution (e.g. 0.01 M H2SO4 / 0.1 M NaiSO^. 
2H+ + 2e" -» H2 (13) 
If the substrate is catalytically active, it will oxidize hydrogen back to protons which diffuse 
back to the tip at the tip-substrate interface and hence a positive feedback (increase in tip 
current). The tip will exhibit a negative feedback response (decrease in tip current) when it 
approaches a catalytically inactive substrate due to the hindered diffusion of protons to the 
tip. From the approach curves (tip current vs. tip-substrate separation), the rate of reaction on 
the electrode surface can be deduced [229, 235-237]. 
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The upper limit of the rate constants that can be deduced using SECM is dictated by 
the tip-substrate separation as the mass transfer rate between tip and substrate increases with 
decreasing tip-substrate separation. When the tip is far away from the substrate, the mass 
transfer coefficient to the tip is inversely proportional to the tip radius [228]: 
m = ——— (14) 
2 a 
where D is the diffusion coefficient of protons and a is tip radius. When the tip is brought 
close to a catalyst substrate, the rate of mass transfer increases and the mass transfer 
coefficient becomes inversely proportional to the tip-substrate separation [228] : 
m » D / d  (15) 
where D is the diffusion coefficient of protons, d is the tip-substrate separation and d « a. 
Thus, the upper limit of measurable reaction rate constant is determined by maximum mass 
transfer rate than can be achieved. This is related to the mechanical limit of positioning the 
tip close to the substrate without the tip touching the substrate. With the diffusion coefficient 
of protons, Dh+ = 7.1 x 10"5 cm2 s"1 [235] and assuming the tip is brought close to the 
substrate to the present technical limit of - 1 pm without touching the substrate (the total 
diameter of the tip for a 25 |im diameter including the insulating glass region is ~ 250 |im 
which prevents bringing the tip any closer without crashing into the substrate), the rate 
constant that can be measured is ~ 1 cm s"1. 
The tip-substrate interface can be modeled by diffusion-reaction equations: 
a'c, i ac, 
H h • 
^ ôz2 r dr Br2 j (16) 
where Cj is the concentration of the species, Z), is the diffusion coefficient, z is the distance in 
the direction normal to the tip surface, r is the distance in the radial direction and i refers to 
the two species H] and H+. As diffusion-limited reduction of protons is carried out at the 
microelectrode tip, the concentration of protons at the tip-solution interface is essentially zero 
28 
and the hydrogen concentration is determined by the rate of reduction of protons at the tip. 
The boundary condition for eq. 16 at the substrate is determined by the rate of hydrogen 
oxidation on the surface. Assuming a first order rate expression for hydrogen oxidation 
reaction, the boundary condition at the substrate surface is [238, 239]: 
/ dCH 
= D—^ = t,C (17) 
nFA dZ 
where ks is the rate constant for hydrogen oxidation (cm s"1). The back reaction of proton 
reduction on the substrate is assumed to be negligible. By solving equations 16 and 17 and 
fitting experimental curves with these theoretical working curves [228], one can extract the 
rate constant value, ks. A published set of theoretical working curves for the measured tip 
current (IT) are given by the following set of equations [228]: 
/ , ( ^ )=4 ( i - / r / / ; )+ / r  m  
where, 
Is = 0.78377/1(1 + 1/A) + [0.68 + 0.3315 * exp(-1,0672/Z)]/[l + (11/A + 7.3)/(l 10 - 401)] 
(19) 
where Is is the normalized tip current (it / it-œ), L is the normalized tip-substrate separation (= 
tip radius (a) / tip-substrate separation (d)), A = ks d/ D and ICT and Ij"x are the theoretical tip 
currents for perfectly conducting and insulating substrates respectively. ICT and I'"s take the 
following forms: 
VT =0.68 + 0.78377/1 + 0.3315* exp(-1.0672/1) (20) 
7™ = l/[0.15 + 1.5358/1 + 0.58 * exp(-1.14/L)] + 0.0908 * exp[(Z - 6.3)/(l .017*1) 
(21) 
Thus, SECM can quantitatively detect the reactivity of surfaces towards 
heterogeneous reactions on a local scale. This ability makes the SECM a unique tool to map 
the reactivity of catalyst libraries. The capability of SECM to position the tip close to a 
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substrate and scan parallel to its surface can be exploited in combinatorial catalyst screening. 
From the approach curves in Figure 2.4, it can be noted that the tip current either increases or 
decreases with decreasing tip-substrate separations depending on the reactivity of the 
substrate. Thus, by holding the tip at a constant tip-substrate separation (for example, at the 
position indicated by the vertical dotted line in Figure 2.4) and scanning it across a substrate 
that consists of a series of catalyst compositions, we can deduce the reactivity of this catalyst 
library. As shown in Figure 2.5, if the SECM tip is scanned across a substrate that consists of 
arrays of catalyst spots on a catalytically inactive substrate, the tip response provides 
information on surface activity of this catalyst library. The catalyst regions that are active 
towards the reaction studied show increased tip current due to positive feedback and the 
insulating substrate shows decreased tip current due to negative feedback. Thus, the ability of 
SECM to map surface reactivity with high spatial resolutions can be exploited in 
combinatorial studies as a reactivity-screening tool [238]. 
The spatial resolution of SECM depends on the size of the UME tip (radius of the tip 
electrode) and the distance of the tip from the substrate (tip-substrate separation). The radius 
of the portion of substrate surface that is participating in the SECM feedback loop is 
estimated from computed current-distance curves [229] and is given by: 
rsub =a + \.5d (22) 
where rsub is the radius of the substrate surface that is sampled by the tip, a is the tip radius 
and d is the tip-substrate separation. At very small tip-substrate separation, the tip can resolve 
features of the order of the tip diameter; for example, at d = 1 pm, a 25 pm diameter tip can 
resolve features of sizes ~ 28 |im. Similarly, the tip samples surface regions of 40 (am and 55 
|im at tip-substrate separations of 5 gm and 10 (im respectively. 
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2.4.2.2 Optical Screening 
Optical screening is a technique which is intrinsically parallel and can identify active 
catalyst spots very rapidly. In optical detection methods, one or several optical parameters 
such as intensity, wavelength, polarization, etc. are measured and related to the activity of the 
catalyst library [211]. Examples of combinatorial studies that used optical detection schemes 
include: IR thermography for monitoring catalytic reactions [188], laser-induced 
fluorescence imaging for studying catalytic reactions such as selective oxidation of 
naphthalene and acylation of benzene [240-242], automated microscopy for studying thin-
film dewetting of polymer gradient libraries [243], IR reflection sensor array for mapping of 
hydrogen produced from catalyst materials [179], photoluminescence imaging of phosphor 
materials libraries [170, 185] and fluorescence imaging of fuel cell electrooxidation catalysts 
Optical screening tools based on fluorescence detection schemes are particularly 
attractive in combinatorial catalyst discovery as they are specific with respect to the products 
detected and secondary reactions do not interfere with the measured signal [211]. 
Fluorescence screening methods are based on the alteration of fluorescence of a suitably 
selected probe molecule during the course of a chemical reaction. For example, Sames et al 
used a fluorogenic probe which exhibited fluorescence due to the change in its structure by 
the insertion of oxygen that was released during an epoxidation [244]. 
In our study, we used a pH-based fluorescence indicator, namely, quinine, as an 
optical screening probe. Quinine is a pH indicator that can detect the formation of protons. 
The optical screening scheme is based on the fact that protons are released during fuel cell 
electrooxidation reactions [71]: 
[71]. 
CH,OH + H,0 -> CO, + 6H+ + 6e (21) 
(22) 
(23) 
C2H5OH + 3H20 -> 2C02 + 12H+ + 12e" 
H, -> 2H+ + 2e" 
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CO + H-,0 —» CO, + 2H+ + 2e" (24) 
By detecting the local generation of protons using quinine fluorescence indicator above each 
catalyst spot, the reactivity of the catalyst library can indirectly be measured as a function of 
potential. In its unprotonated form, quinine does not exhibit fluorescence; but in its 
protonated form it can exhibit fluorescence by absorbing ultraviolet light (wavelength ~ 360 
nm) and emitting light in the visible region (wavelength ~ 450 nm). From the presence / 
absence of fluorescence above each catalyst spot at a given potential, the onset of the 
electrooxidations reactions can be recognized and the active composition regions in a catalyst 
library be identified. This screening method allows rapid identification of highly active 
compositions. For example, it would take less than 1 hour to perform potential-dependent 
reactivity screening on a 15 mm x 15 mm catalyst library, assuming that fluorescence images 
are captured at 40 different substrate potentials and experimental time between each step ~ 1 
min. This is much lower compared to a similar SECM study on the sample sample which 
would take ~ 1000 hrs (as discussed in section 2.4.2). Optical screening is also simple in that 
it does not need complex (and expensive) instrumentation. 
However, optical screening suffers from a more limited spatial resolution. The 
resolution of optical screening can be estimated using a simple diffusion calculation, i.e, 
calculating how far the protons diffuse from a given catalyst spot (produced as a result of 
local reaction) without affecting the signal above the adjacent spot from the time it was 
generated to the time when fluorescence image was captured. Consider two adjacent spots on 
a catalyst library as shown below: 
Protons 
Catalyst spot #1 Catalyst spot #2 
—> x 
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with the following assumptions: spot #1 is active, i.e, it oxidizes a reactant to protons and 
hence exhibits fluorescence and spot # 2 is inactive; the protons diffuse in solution towards 
the adjacent spot along a single dimension, x. Then, the diffusion of protons can by given by 
Pick's law: 
dC B2C 
^=D»>-§r (25) 
where Ch+ = proton concentration, Dh+ - proton diffusion coefficient, t is time and x is the 
distance from the catalyst spot as shown in the figure above. The boundary conditions for this 
problem are: 
(i) at t = 0, all x, Ch+ - 0 (absence of protons before potential is applied) 
(ii) at t > 0, x = 0, Ch+ - Ch+,o ~ 1 M (an approximate value of the concentration of 
protons evolved during oxidation of reactant) 
(iii) at t > 0, x = oo, Ch+ = Ch+,«, = 10"7 M (assuming negligible concentration of 
protons at large distances from the spot) 
Solving the above system, the concentration of protons as a function of distance (x) and time 
(t) (CH+ (x,t)) is: 
CH+(x,t)-CH+fi f ~ \ 
C -C v//+,« v//+,o 
— = erf x (26) 
The spatial resolution in this case is the value of x at which the concentration of protons is 
negligible that it cannot be detected by fluorescence. The estimated visual detection threshold 
for fluorescent probed is below 10"6 M [245]. Hence, assuming a value of 10"7 M for CH+,<» 
and a threshold value of 10"pKa for Cn+(x,t) the above equation can be solved for x (with Dh+ 
= 7.1 x 10"5 cm2 s"1 and pKa for quinine = 5.7 [246]): 
x = 505V7 (pm) (27) 
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Hence, if the fluorescence image is captured, say, 1 sec after the potential was applied, the 
spatial resolution is -500 pm and is ~ 700 pm for a time of 2 sec and so on. In the 
fluorescence screening experiments performed in our work, the experimental time between 
the application of potential and capture of image was typically ~ 1 sec and hence the 
resolution was ~ 500 gm which is much lower than that of SECM. Nevertheless, optical 
screening can be used to rapidly identify the active catalyst regions in multicomponent 
catalyst libraries (as discussed in earlier sections). 
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Table 2.1 Energy density of various fuels 
Fuel Energy Density (MJ m"3) 
Diesel 39.39 
Gasoline 34.33 
Propane 25.43 
Liquefied Natural Gas 23.64 
Ethanol 22.12 
Methanol 18.17 
Liquid Hydrogen 10.05 
Compressed Natural Gas (@3236 psi) 9.90 
Compressed Hydrogen (@3236 psi) 2.53 
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Table 2.2 M-O bond energies of various elements. 
Element M-O bond energy 
(kcal mol"1) 
Pt 391.6 
Ru 528.4 
Mo 560.2 
Rh 405.0 
Ir 414.6 
Os 575.0 
Sn 531.8 
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Table 2.3 Catalyst compositions reported as highly active for / CO oxidation by 
various research groups. 
Catalyst Composition Ref. 
Pt-Ru-Os (arc-
melted alloy) 
65:25:10 [89] 
Pt-Mo (Bulk alloy) 77:23 (surf, comp.) 
z 
[118] 
Sn upd on Pt(332) QSn = 0.26 [131] 
Ru on Pt 0.05 equivalents 
(i.e., coverage) 
[103] 
Pt-Ru 50:50 [105, 
112, 247] 
Pt-Ru 20 % < Ru < 30 % [248, 
249] 
Pt-Mo 5:1 [125] 
Pt-Mo 8.7:1.3 [250] 
Pt-Sn (Bulk alloy) Pt)Sn [137, 
156] 
Pt-Re (Bulk alloy) 75:25 [156] 
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Table 2.4 Catalyst compositions reported as highly active for methanol oxidation. 
Catalyst Composition Ref. 
Pt-Ru (Co-deposited 
alloy) 
50:50 [85] 
Ru on Pt 50:50 [97] 
Pt-Ru-Os 65:25:10 [89] 
Pt-Ru-Os-Ir (alloy) 44:41:10:5 [71] 
Pt-Ru 
(nanoparticles) 
50:50 [92] 
Pt-Ru (Codeposited 
alloy) 
80:20 [251] 
Pt-Ru (Codeposited) 90:10 [252] 
Ru on Pt 0.05-0.10 [103] 
Pt(lll)/Ru 
Pt(l 11 )/Os 
0.2 monolayer 
0.15 monolayer 
[72] 
Pt-Os (Codeposited 
alloy) 
81:19 [145] 
Pt-Ru (bulk alloy) 90:10 [108] 
Codeposited Pt-
MoOx on C 
Optimal Pt:Mo 
range 1.5-2.0 (i.e., 
60-67% Pt) 
[126] 
Pt-Ru (Bulk alloy) 90:10 (Surface 
composition) 
[113] 
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Figure 2.1 Schematic representation of a typical polymer electrolyte membrane fuel cell 
(PEMFC). 
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Figure 2.2 Schematic representation of the SECM setup. The position of the UME tip is 
controlled through a positioning system and can be moved in x, y and z directions. In the 
figure, C.E and R.E represent the counter and reference electrodes respectively. 
56 
100-1 
R -> O + «e" 
C  -100 -
R -200 
-400-I 
-1.0 -0.5 0.0 0.5 
Tip Potential / V vs RHE 
Figure 2.3 Cyclic voltammogram of a microelectrode in a solution containing the species 
O. The tip is held at a potential denoted by * during scanning electrochemical microscopic 
measurements. 
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58 
SECM tip Active region 
(Positive feedback) 
f Inactive region 
(Negative Feedback) 
Distance 
Figure 2.5 Schematic of tip response as a function of distance when the tip is scanned 
across a substrate that possesses both active and inactive regions. 
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Chapter 3. Construction and Reactivity Mapping of a Platinum 
Coverage Gradient 
Adapted from a manuscript published in Langmuir 2001,17, 7857-7864 
Shrisudersan Jayaraman and Andrew C. Hillier 
3.1 Summary 
In this chapter, a method for the fabrication and reactivity mapping of a catalyst 
gradient is described. We demonstrate a method for catalyst preparation and screening that 
directly measures the activity of spatially localized catalyst samples in an effort to discover 
and characterize new catalyst formulations. A well-defined gradient in the surface coverage 
of platinum is created on an electronically conducting but catalytically inactive indium-tin 
oxide (ITO) substrate by the application of a non-uniform electric field during platinum 
electrodeposition. A linear variation in applied potential is imposed on an ITO substrate to 
induce a non-uniform rate of platinum deposition, which results in the formation of a 
coverage gradient. The reactivity of this catalyst gradient is measured directly as a function 
of spatial position using the scanning electrochemical microscope in the feedback mode. 
Surface imaging using a non-catalytic redox probe (Ru(NH3)63+/2+) depicts a uniform and 
highly reactive electrode surface over both ITO and platinum domains. In contrast, imaging 
with a catalytic probe (HVH2), which senses variations in the substrate activity towards the 
hydrogen oxidation reaction, clearly illustrates a variation in surface reactivity that is a 
function of the local substrate composition. The presence of a non-uniform platinum 
coverage generates a variation in the hydrogen oxidation rate. The local reaction rate, as 
deduced by the SECM measurements, is proportional to the local platinum surface coverage 
as determined with electron microscopy. This work demonstrates a unique method for the 
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preparation of a catalyst gradient coupled with a characterization method that can measure 
catalytic activity for electrooxidation reactions on a local scale. 
3.2 Introduction 
This chapter describes a novel method for combinatorial library design based upon a 
surface gradient and also introduces the scanning electrochemical microscope as a screening 
tool for combinatorial catalyst discovery. 
3.2.1 Library Design 
Array-type libraries are a common sample design for combinatorial catalyst discovery 
[15, 182, 196]. Samples of this type consist of an array of catalyst spots that are deposited 
through a serial process such as physical vapor deposition with a series of masking steps, ink-
jet printing techniques, liquid dosage into miniature wells followed by reactive processing, 
etc. (Chapter 2). In gradient libraries, a continuous variation in a catalyst parameter (e.g., 
coverage, composition, etc.) is created on a substrate in parallel for combinatorial studies. 
This sample design represents a highly dense library platform in which the complete 
parameter space can be constructed in a continuous fashion. Gradient samples can be 
prepared by spatially localizing one or more of the catalyst deposition parameters. For 
example, a gradient in catalyst composition can be achieved through electrochemical 
deposition by localizing either the concentration of the precursor solutions or the electric 
potential at each point on the substrate. A gradient in composition is created by spatially 
localizing the electric potential on the substrate, exploiting the fact that the kinetics of 
deposition of metals depends on the applied potential and that different metals deposit at 
different rates at different potentials. Hence, by applying a non-uniform potential across a 
substrate, a gradient in composition of catalysts can be achieved. In this chapter, this 
potential gradient method is demonstrated with a gradient in catalyst coverage. 
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A second method for gradient fabrication will be demonstrated in Chapters 5 and 6. 
In this method, a gradient in the precursor metal ions is created near the substrate surface 
followed by the application of an electric potential to the substrate; the metal ions are 
reduced on the surface. This results in a catalyst deposit with the local composition at a given 
spatial location on the substrate dependent on the concentration of the metal ions present in 
that position. 
3.2.2 High-Throughput Screening 
High-throughput screening in electrochemical systems is often performed using 
electrode arrays, where the individual electrodes of which can be independently addressed 
and controlled [233-235], Direct information about the electrochemical activity of the 
electrodes can be obtained. However, these platforms involve complex wiring and electronic 
instrumentation. Recently, an optical screening method based on a pH-based fluorescence 
indicator was developed and applied for the discovery of fuel cell catalysts [15]. This method 
rapidly identifies active zones but suffers from limited spatial resolution and a limited ability 
to directly obtain reaction rate information (Chapter 2). Hence, there is a need for a reactivity 
screening tool that can quantitatively measure the local reactivity of combinatorial catalyst 
libraries at high spatial resolution. 
Scanning electrochemical microscope (SECM) is an analytical tool that can be used 
to study the local reactivity of surfaces towards heterogeneous reactions [18]. The SECM 
consists of an ultramicroelectrode tip and a positioning system that can scan the tip very 
close to a substrate. Changes in the tip response due to tip-sample feedback reflects the 
reactivity of the substrate. Tip current can be used to quantitatively determine reactivity (rate 
constants). The ability to position and scan the SECM tip close to a substrate makes it an 
excellent tool for screening the reactivity of catalyst libraries in situ [247]. 
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In this Chpater, we demonstrate a method to controllably create gradient catalyst 
libraries based on the application of a non-uniform potential across the surface of a 
conductive substrate [217] and the utility of scanning electrochemical microscope (SECM) to 
map the reactivity of catalyst libraries towards electrooxidation reactions. A gradient in 
platinum coverage was created on an indium-tin oxide (ITO) substrate by applying a 
potential gradient and the reactivity of this sample towards non-catalytic and catalytic 
reactions mapped with the SECM. SECM screening clearly identified the active and inactive 
zones on the gradient sample. Coverage-dependent reaction rate constants for hydrogen 
oxidation on platinum were quantitatively deduced from the SECM data. 
3.3 Experimental Methods 
3.3.1 Materials 
All experiments were performed in deionized water (18 MO, Milli-Q, Millipore 
Corp., Bedford, MA). Electrolyte solutions contained a combination of Na:S04, F^PtClô, 
Ru(NH3)6C13 and H2SO4 (Aldrich, Milwaukee, WI), which were used as received. All 
solutions were deaerated with nitrogen (BOC gases, Murray Hill, NJ) prior to each 
experiment. 
3.3.2 Substrate Preparation 
Gradients in platinum coverage were constructed on indium-tin oxide (ITO) 
substrates (Delta Technologies, Stillwater, MN). Pretreatment of the ITO substrate consisted 
of cutting one-inch square sections using a diamond scribe followed by sonication in a 50/50 
ethanol/water mixture, rinsing with ethanol and then rinsing with copious amounts of 
deionized water. Substrates were dried thoroughly before use under a stream of dry nitrogen. 
A gradient in platinum coverage was created by electrodeposition of platinum onto 
ITO from a solution containing 10 mM H2PtCl6 in 0.1 M Na2S04. The deposition solutions 
were neutralized to a pH of 7 with saturated NaOH in order to minimize bubble formation 
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during platinum deposition. A surface potential gradient [214, 217, 218] was achieved by 
using a bipotentiostat (Model AFRDE 5, Pine Instrument Company, Grove City, PA) to 
apply two different potentials to the same working electrode surface. The potentials were 
applied at different positions by attaching two strips of conductive copper tape across the 
length of a one-inch square ITO sample separated by -15 mm (Figure 1 a). A clamped O-
ring cell was attached between the copper strips. During deposition, a wound platinum wire 
counter electrode and Ag/AgCl quasi-reference electrode (AgQRE) consisting of a AgCl-
coated Ag wire were used. The bipotentiostat maintained a linear surface potential gradient 
by driving current through the ITO surface. ITO films with a surface resistance Rs = 400 f2 
inch"1 were used in order not to overload the bipotentiostat current circuitry. Constant 
potential values of Ei = -1.0 V and E2 = 0.4 V were applied for a period of two minutes to 
achieve the platinum gradient depicted in this chapter. 
3.3.3 Scanning Electrochemical Microscope 
The scanning electrochemical microscope used in this research was similar to that 
described in literature [237, 247]. Three inchworm translation motors (Model IW-710, 
Burleigh Instruments, Inc., Fishers, NY) were mounted directly onto one TS-300 (z) and two 
TS-100 (xy) translation stages configured for three-dimensional orthogonal motion. These 
stages were mounted directly to a vibration isolation platform. The inchworm motors had a 
25 mm range of motion, a mechanical resolution of 4 nm and optical encoders giving an 
absolute position reproducibility of 0.5 pm. Position control was achieved with a Series 7000 
controller (Burleigh Instruments, Inc., Fishers, NY) interfaced to a GPIB-PCIIA IEEE-488 
interface card (National Instruments, Austin, TX). Electrochemical measurements were 
performed using a bipotentiostat (Model AFRDE 5, PINE Instrument Company, Grove City, 
PA) coupled with a high resistivity current amplifier (Keithley Instruments, Inc., Cleveland, 
OH), which was used to measure the current at the microelectrode tip. An analog current 
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filter with a 30 msec time constant was used to eliminate the influence of line noise on the 
microelectrode tip response. Data collection was achieved with a multi-channel data 
acquisition board (PCL 818, Advantek, Minnetonka, MN) and a custom software program 
written in Visual Basic™. 
The electrochemical cell for SECM experiments was made from Teflon with a cell 
volume of 15 mL. The cell contained slots for reference and counter electrodes, which were 
pressure-fit with Teflon tape. The substrate electrode was positioned at the bottom of the cell 
with the electrode surface facing upwards and held in place with a droplet of vacuum grease. 
The plane of the substrate was oriented parallel to the SECM tip scanning direction with a 
milti-axis tilt stage (Model 39, Newport, Irvine, CA). 
During SECM imaging, the substrate was held at a potential of -0.1 V vs. AgQRE. 
The electrochemical activity of the substrate electrode was probed using a solution of 10 mM 
Ru(NH3)ôC13 in 0.1 M Na2S04. In these experiments, the tip electrode was held at a potential 
of -0.6 V vs. AgQRE, corresponding to the diffusion-limited reduction of RufNH])^. 
Hydrogen oxidation kinetics was measured in a solution containing 0.01 M H2SO4 and 0.1 M 
Na2S04. In this case, the tip electrode was held at a potential of -1.6 V vs. AgQRE, where 
proton reduction occurs at a diffusion-limited rate. The solutions were deaerated with 
nitrogen prior to each experiment. 
3.3.4 SECM Tip Electrodes 
The microelectrode tips employed in the SECM were fabricated with 25 (am diameter 
gold wires (Goodfellow, Berwyn, PA) sealed in glass using a technique similar to that 
described in the literature [18, 262, 263]. The tip of a borosilicate capillary tube (2.0 mm 
o.d., 0.5 mm i.d., World Precision Instruments, Sarasota, FL) was melted in a methane-air 
flame until the tip sealed. A 25 |im diameter gold electrode wire was inserted into the 
capillary tube and sealed in the glass by pulling a vacuum on the open end while 
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simultaneously heating the sealed end of the glass with a coil of nichrome wire that was 
resistively heated with a variable transformer (Variac). Once several millimeters of the glass 
sealed around the wire, heating was stopped and electrical contact was made to the gold wire 
with a copper contact wire through the open end of the tube using conductive silver epoxy 
(Epotek, Billercia, MA) and cured in an oven at 100°C for 1 hr. The connecting wire was 
then fixed into place with 5 Minute™ Epoxy (ITW Devcon, Danvers, MA) and cured at 
100°C for 4 hrs. Once sealed, the tip was shaped to achieve a conical geometry with emery 
paper (600 and 1200 grit). The exposed end was then polished to give a disk-in-plane 
geometry with a glass to metal ratio (Rg) greater than 10:1. Following initial shaping, the 
electrode tip was polished to a mirror finish using silica polish (1 and 0.05 (im), sonicated in 
an ethanol/water solution, and rinsed with deionized water before use. 
3.3.5 Scanning Electron Microscopy (SEM) 
Surface characterization of the substrate was performed using a JEOL JXA 840A 
scanning electron microscope with a LaBg filament. An accelerating voltage of 20 kV was 
used in all SEM experiments. A double-sided copper adhesive tape (3M Electrical Products 
Division, Austin, TX) was used to provide electrical contact between the substrate and the 
sample mount in order to prevent charging effects during SEM measurements. The surface 
coverage at different positions on the substrate was estimated by analyzing the SEM 
micrographs to determine the fraction of Pt to ITO using the image analysis software SCION 
IMAGE (Scion Corporation, Frederick, MD), 
3.4 Results and Discussion 
3.4.1 Construction of a Platinum Coverage Gradient 
Construction of a surface catalyst gradient was achieved by electrodeposition of 
platinum onto an electronically conductive, but catalytically inactive indium-tin oxide (ITO) 
substrate (Rs = 400 O inch"1). A bipotentiostat was used to fix the working electrode potential 
66 
at two different locations on the ITO substrate where Ei and Ej are applied (Figure 3.1). A 
linear variation in substrate potential [214, 218] was thus created and used to control the local 
rate of platinum deposition along the surface. The local potential (E(x)) at each point along 
the substrate is given by [216, 218]: 
where E(0) is the potential at x = 0, i is the current, p(l) is the position-dependent resistivity 
and A is the cross-sectional area. By controlling the value of the applied potential at the two 
ends of the substrate the extent of the potential gradient (AE = E(x) - E(0)) and hence the 
local potential values can be controlled. 
In the presence of a surface potential gradient, the platinum deposition rate could be 
controlled in a reproducible fashion by the magnitude of the local applied potential. Anodic 
potential values resulted in little or no platinum deposition while cathodic potentials 
promoted rapid platinum growth. Cyclic voltammetry of the ITO substrate shows the 
conditions required for platinum deposition (Figure 3.2). In the supporting electrolyte 
solution of 0.1 M NazSO-t, the current response reflects the absence of any appreciable 
electrochemical reaction on ITO. Following the addition of 10 mM HzPtCl^, several 
additional features appear in the current response. Deposition of platinum commences during 
the negative potential scan as indicated by an initial cathodic current at ~ +0.2 V vs. AgQRE. 
The current magnitude increases as the electrode potential is scanned in the negative 
direction, which indicates an increasing rate of platinum deposition. Several additional peaks 
are observed during the negative potential scan in Figure 3.2, whose origins can be ascribed 
to a combination of platinum reduction (on ITO), proton adsorption and bulk proton 
reduction (on platinum). 
(1) 
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The selection of Ej and E2 values determined the extent and range of the surface 
potential gradient and, thus, the extent of the platinum deposit. With this selection of £/=-1.0 
and E2 = +0.4 V vs. AgQRE, very rapid deposition occurred at the position of Ei while no 
deposition occurred at E2. An optical micrograph of this platinum gradient after two minutes 
of depositon is depicted in Figure 3.3. In this image, the ITO substrate is transparent and 
appears light, while the platinum appears dark. The platinum gradient is confined to a 
circular region of ~12 mm diameter with the perimeter defined by an O-ring seal used during 
deposition. The highest platinum content is on the left side of the sample while the lowest 
platinum content is on the right. During subsequent analysis of this sample, the region 
depicted by the dashed box in Figure 3.3 was examined with surface position indicated by the 
axis below the figure. 
3.4.2 Surface Characterization : Estimation of Pt Coverage 
Characterization of the surface structure of the platinum gradient was achieved with a 
combination of scanning electron and optical microscopy. For the sample depicted in Figure 
3.3, the platinum deposit consisted of spherical particles of diameters ranging from 0.2 to 0.5 
|im after two minutes of deposition. Although the details of the relationship between 
deposition parameters and particle size are beyond the scope of this work, control of the 
particle size and particle size distribution could be achieved by varying the potential 
waveform. Under the constant potential deposition conditions shown here, the particle sizes 
varied, with the more positive potentials leading to larger particles (0.5pm), and the more 
negative potentials resulting in smaller particles (0.2 pm). The differences in particle sizes 
can be explained by considering the competition between particle nucleation and growth at 
various surface potential values. At the most negative potentials, nucleation is rapid and 
continuous, which leads to the formation of many small particles. At less negative potentials, 
limited nucleation leads to fewer particles that grow to a larger particle size. 
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To determine the catalytically active surface area as a function of position on this 
gradient sample, the platinum surface coverage was estimated. Although the true measure of 
catalytic activity is given by the number of active catalyst sites per unit surface area, we 
chose to estimate the activity by determining a ratio of projected surface areas. The coverage 
(9pt) was estimated by calculating the ratio of platinum area to total electrode area as a 
function of position according to 
6
"
=T73T (2) pt ^ nno 
where Ap,  and Aito reflect the projected the surface areas of Pt and ITO domains as 
determined from SEM micrographs. A series of high resolution SEM images of the substrate 
as function of spatial position along the platinum gradient as shown in Figure 3.4 were used 
to determine Apt and A/to- A series of coverage calculations were performed along the 
platinum gradient in Figure 3.3 to construct the surface coverage profile in Figure 3.5. Each 
point represents a calculation based upon analysis of a 5000x magnification SEM image 
taken at that location along the platinum gradient. The error bars reflect the influence of 
image pixelation on the coverage calculation. 
Figure 3.5 depicts a variation in platinum coverage ranging from zero up to nearly 
full coverage. Starting from the right side of the sample at 15 mm, the coverage is zero. The 
coverage then increases starting at 12 mm. Between 11 mm and 6 mm, the platinum coverage 
increases and then plateaus between 0Pt = 0.8 and 6pt = 0.95 at 7 mm. This coverage is 
maintained until the edge of the platinum deposit is reached at 2 mm. Although this high 
coverage region appears uniform in terms of surface coverage, it consists of a thickening 
platinum layer from right to left. On both the far right (> 14 mm) and far left (< 2 mm) sides 
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of the sample, the regions blocked by the O-ring during deposition display a zero coverage 
level and consist of bare ITO. 
3.4.3 Electrochemical Characterization Using the SECM 
To locally probe the reactivity of this catalyst gradient for electrochemical and 
electrocatalytic activity, the SECM was employed. Two different probe molecules were used 
in the tip reaction to quantity the local reactivity of the substrate surface. To probe the 
electrochemical activity of the exposed substrate electrode toward a noncatalytic reaction, a 
simple outer sphere redox couple (Ru(NH3)63+/2+) was used for the tip reaction. In this 
configuration, the SECM drove the reduction of Ru(NH3)ô3+ at the tip electrode at a 
diffusion-limited rate. 
Ru(NH,)/+ +e" -» Ru(NH,)/+ (3) 
Under these conditions, the tip reaction achieves a steady-state current in the absence of the 
substrate (z't,®) given by the equation 
i T x  = AnFDCa (4) 
where n is the number of electrons, F is Faraday's constant, D is the diffusion coefficient, C 
is the concentration of Ru(NH3)63+ in bulk solution, and a is the tip radius. In an electrolyte 
solution containing 10 mM Ru(NH3)6C13 with 0.1 M Na2SO4 as the background electrolyte, 
the tip current measured approximately 27 nA with a 25 diameter tip electrode. The 
magnitude of this tip current is modified when the tip is placed near a substrate (Scheme 3.1) 
due to a combination of mass transfer between tip and substrate and charge-transfer reaction 
at their surfaces. In the presence of a nonreactive or insulating substrate, the tip current will 
diminish with decreasing tip-substrate separations (negative feedback) resulting from the 
blocking of diffusion of the probe molecule to the tip. In the presence of a conducting or 
electrochemically active substrate that can oxidize the products of the tip reaction, the tip 
current will increase as it approaches the surface (positive feedback). This behavior is a well-
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known characteristic of SECM that can be used to deduce the substrate rate constant (&b,s) for 
an electrochemical reaction by fitting the approach curve data to a solution of a reaction / 
diffusion model of the tip-substrate interface (Chapter 2). The probe reaction of Ru(NH3)ô3+ 
reduction at the tip electrode results in the oxidation of Ru(NH3)ô2+ as the substrate reaction. 
Ru(NH,)/+ _J^Ru(NH,)/+ +e" (5) 
This probe reaction is quite fast (large kb,s) on most electrochemically active surfaces and 
give a mass-transfer limited response. 
A series of line scans using the Ru(NH3)ô3+/2+ probe reaction were acquired across the 
platinum coverage gradient (Figure 3.6). The line scans were measured at several tip-
substrate separations ranging from far from the surface (~ 100 |im) to very near (~ 10 |im) 
along the sample region depicted by the dashed box in Figure 3.3. Sample tilt in these data 
was minimized by careful leveling of the substrate surface using a tilt stage prior to 
measurement. This was achieved by approaching the tip towards the two ends of the 
substrate and adjusting the sample tilt until identical approach curves were obtained. 
Elimination of sample tilt was necessary to obtain true reactivity information as the tip-
current is dependent on the tip-substrate separation and also to prevent crashing of the tip 
during the line scans at small tip-substrate separations. At large tip-sample separations (-100 
|im), the tip current approaches the value that would be measured in the absence of the 
substrate (z> = z'i>) and reflects the diffusion-limited current to a disk-in-plane electrode 
geometry as in eq 4. With decreasing tip-sample separations, the tip current increases 
uniformly across the entire sample, including both the platinum gradient and the bare ITO 
regions. At the smallest tip-sample separations, a variation in tip current appears, which is 
probably a result of nonuniformity in the substrate topography. However, at all locations on 
the surface the tip response reflects pure diffusion-limited positive feedback due to a high 
substrate rate constant for the reaction depicted in eq 4. As a reference, lines representing the 
theoretical prediction for pure positive feedback (dotted line) with &b,s > 1 cms'1 and pure 
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negative feedback (dashed line) with &b,s < 0.001 cm s"1 are shown in Figure 3.6 at the 
distance of closest tip-sample separation. The pure positive feedback response is consistent 
with the fact that the entire substrate is electrochemically active and provides a high rate 
constant toward Ru(NH3)ô2+ oxidation. Notably, the response is insensitive to the presence of 
the platinum gradient. Ultimately, the SECM response to this reaction can be used to 
independently verify the tip-sample separation by fitting the response to the theoretical 
prediction of pure positive feedback. The only adjustable parameter in this fit is the 
separation L (=d / a). [238, 245] 
To determine the substrate reactivity toward a catalytic electrooxidation reaction, a 
SECM probe reaction that is sensitive to catalytic activity was used. Specifically, the 
hydrogen oxidation reaction was probed using the H+ / H2 redox couple [244, 247]. Protons 
were reduced at the tip electrode at a diffusion-limited rate. 
2H+ + 2e" -» H2 (6) 
Hydrogen produced during this tip reaction diffuses to the substrate and can be oxidized back 
to protons (Scheme 3.2). 
H2 ) 2H+ + 2e" (7) 
Protons produced at the substrate can then diffuse back to the tip to increase the tip current 
and provide a tip-substrate feedback response. The magnitude of this positive feedback 
reflects the rate constant for hydrogen oxidation at the substrate electrode (&b,s) [244, 246]. 
A series of line scans at various tip-sample separations using proton reduction as the 
tip reaction were acquired across the platinum gradient. These data are shown in Figure 3.7. 
The line scans were acquired over the same sample region and range of tip-sample 
separations depicted in Figure 3.6. At large tip-sample separations (~ 100 (im), the tip current 
is uniform and approaches a value of 360 nA which is approximately equal to the current 
measured to the absence of the substrate electrode and corresponds to the value predicted in 
eq 3. With decreasing tip-sample separations, the tip response begins to change nonuniformly 
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over the sample surface, which is in contrast to the behavior for the noncatalytic 
Ru(NHs)63+/2+ probe shown in Figure 3.6. At regions to the far left and far right of the 
sample, the tip current decreases as it approaches the substrate surface. These regions 
correspond to the bare ITO surface and the decrease in tip current reflects negative feedback 
for the hydrogen oxidation reaction. In fact, the rate constant for hydrogen oxidation is nearly 
zero on ITO so the tip response corresponds to almost pure blocking of proton diffusion to 
the tip. 
The tip response over the bare ITO regions contrasts to that observed over the 
platinum coated regions. Over the platinum coated ITO, the tip response varies from negative 
feedback to positive feedback depending upon the tip position along the surface. At the far 
right side of the sample, the tip current decreases with decreasing tip-sample separation. At 
12 mm and higher, this decrease in tip current reflects pure negative feedback. As a 
reference, lines depicting the theoretical prediction for pure positive feedback with k\,,s > 1 
cm s"1 (dotted line) and pure negative feedback with &b,s < 0.001 cm s"1 (dashed line) are 
shown in Figure 3.7 at the distance of closest tip-sample separation. The negative feedback 
response is due to the low activity toward hydrogen oxidation for the very low coverage ITO 
sample regions. At sample positions to the left of 12 mm, the tip current decreases less 
severely with sample approach. This reflects an increasing rate constant for hydrogen 
oxidation that coincides with the increase in platinum coverage at this region of the sample 
(Figure 3.5). Between 12 mm and 7 mm, the tip response transforms from negative to 
positive feedback. The increasing positive feedback in this sample region indicates an 
increasing rate of hydrogen oxidation due to the surface transition from catalytically inactive 
ITO to catalytically active platinum regions. Further excursions in the tip position from 7 mm 
to 2 mm maintains a nearly pure positive feedback response, which reflects a very high rate 
constant for hydrogen oxidation on the high coverage platinum surface. 
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To quantify the variation in reactivity of the platinum gradient toward the hydrogen 
oxidation reaction, the results from Figure 3.7 were used to determine the rate constant as a 
function of surface position. Each line scan in Figure 3.7 represents a series of equal-spaced, 
steady-state tip current measurements at a fixed separation. These measurements can be used 
to generate a tip-substrate approach curve by taking the tip current at each position along the 
gradient and converting the current and tip-substrate separation to a normalized scale. The tip 
current (z't) is divided by the value at infinite separation (/>«) while the tip-sample separation 
(d) is divided by the tip radius (a). The approach curves measured for the hydrogen oxidation 
reaction along the platinum catalyst gradient are depicted in Figure 3.8. As was done in 
Figures 3.5 and 3.6, reference lines are shown for approach curves based upon the theoretical 
prediction for pure positive (dotted line) and pure negative feedback (dashed line). The upper 
curve in the data represents that measured at 2 mm and corresponds to a high coverage 
platinum region with essentially pure positive feedback. The very lowest curve in Figure 3.8 
represents the data acquired at 15 mm where the platinum coverage is zero. This response 
reflects pure negative feedback and a rate constant with a value of essentially zero for 
hydrogen oxidation. The intermediate curves represent positions intermediate between 0 and 
15 mm on the platinum gradient. These results can be fit to a theoretical working curve 
according to the procedure described in Chapter 2 in order to extract the rate constant for the 
hydrogen oxidation reaction as a function of surface position. 
A series of rate constant values determined using the data shown in Figure 3.8 are 
plotted in Figure 3.9 as a function of surface position. It is important to note that these rate 
constants reflect values for hydrogen oxidation that are based upon a local geometric region 
of the substrate surface rather than a value based upon the number of catalyst sites. 
Nevertheless, these data reflect the local surface reactivity for hydrogen oxidation. The 
accuracy of measuring these rate constants is limited to values between 0.001 and 1 cm s"1. 
Rate constants equal to or less than 0.001 cm s"1 are below the measurable limit for fitting 
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SECM approach curves and display a behavior that is equivalent to pure negative feedback. 
Rate constants equal to or greater than ~1 cm s"1 are consistent with diffusion-controlled 
positive feedback. Measuring accurate rate constant values beyond this range with SECM is 
limited due to tip size and tip-substrate geometry effects. Notably, the range reported here is 
larger than the typical rate constant values accessible with rotating disk techniques (Chapter 
2). 
The trend in the measured rate constant values shown in Figure 3.9 is consistent with 
the trend in platinum coverage in Figure 3.5. At positions possessing platinum-free ITO (< 2 
mm and > 12 mm), the measured rate constant is effectively zero. As the sample is traversed 
from the right to the left, the rate constant for hydrogen oxidation increases. The first 
measurable increase is observed at 12 mm, where the platinum coverage first increases above 
zero (Figure 3.5). The rate constant then increases significantly between 12 mm and 7 mm. 
At 7 mm, the rate constant approaches 1 cm s"1 and is effectively diffusion-limited until the 
bare ITO region is again reached at 2 mm. Comparing this result to the coverage data 
displayed in Figure 3.5 suggests that the hydrogen oxidation rate is increasing in coincidence 
with the increase in platinum coverage. The point at which the rate constant becomes high 
enough for the response to become diffusion-limited corresponds to the substrate reaching a 
limiting coverage of about 0.9. 
Although both the platinum coverage and hydrogen oxidation rate constant are 
nonlinear functions of position in this sample, it is expected that they should be linearly 
related to each other. The rate constant values versus position from Figure 3.9 and coverage 
versus position from Figure 3.5 are combined in Figure 3.10 to show the rate constant value 
as a function of platinum coverage. A dashed line is added to depict a linear increase in rate 
constant with coverage according to 
^measured = ^Pt^Pt (8) 
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Where ^measured is the experimentally measured rate constant, kPl is the rate constant on full 
coverage Pt and 6pt is the platinum coverage. The experimental values do a reasonable job in 
following this linear relationship between rate constant and coverage. At low coverage 
values, the experimentally measured rate drops slightly below this straight-line dependence. 
This behavior can be explained by the fact that the SEM images of this low coverage region 
depict slightly larger platinum cluster sizes than those observed in the high coverage region. 
The larger particle size would produce a smaller surface area per volume and potentially a 
lower effective oxidation rate. In addition, at low surface coverage the small size of the 
SECM tip might allow nonuniform sampling of the surface. However, it is expected that this 
latter effect would lead to both over and under-estimates of the rate and thus, cancel out in 
average. At coverage values above 0pt = 0.8, the rate constants also deviate from the straight-
line dependence. This is likely the result of the inaccuracy of the measured rate constant 
values as they approach and exceed 1 cm s"1. 
3.5 Conclusions 
In this chapter, a method to create spatially varying gradient samples for 
combinatorial discovery was demonstrated. A well-defined gradient in platinum catalyst 
coverage was created through an applied electric field gradient. By spatially varying the 
surface potential, the local deposition kinetics were modified, i.e, different rates of platinum 
deposition were achieved at different locations on the same sample. The significance of this 
technique is that it allows a well-defined electric field to construct a gradient in catalyst 
parameters (coverage in this case) in a single sample. This method of library preparation can 
be extended to prepare multi-component catalyst libraries for combinatorial catalyst 
discovery. 
The utility of the SECM as a reactivity-screening tool in combinatorial catalyst 
discovery was also demonstrated in this chapter. The spatial mapping capability of SECM 
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was exploited to locally probe the activity of the catalyst gradient. The ability to differentiate 
between catalytic and non-catalytic reactions by the selection of suitable probes was utilized 
to differentiate the platinum catalyst from the non-catalytic ITO substrate. Quantitative 
information, i.e, reaction rate constant as a function of catalyst parameters can be derived 
from SECM screening studies; in the present case, the rate constant for hydrogen oxidation 
as a function of platinum coverage was deduced from the SECM results. 
Having demonstrated the ability to create a spatially varying substrate and map its 
reactivity towards a simple electrooxidation reaction, namely, hydrogen oxidation, the next 
step is to develop methods for synthesizing multicomponent catalyst libraries with spatially 
varying compositions and to study more complex reactions relevant to fuel cells such as 
hydrogen oxidation in the presence of a catalyst poison (CO), methanol oxidation, etc. 
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SCHEME 3.1: Schematic of tip-substrate interface for SECM measurements with 
catalytic redox couple RufNH;)^/ Ru(NH3)62+. 
Ru(NHa)6  RU(NH3)6' 
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SCHEME 3.2: Schematic of tip-substrate interface for SECM measurements with 
catalytic redox couple H/Hz. 
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Figure 3.1 Schematic of deposition method based upon applying a potential gradient 
along the surface of an indium-tin oxide (ITO) substrate. A bipotentiostat applies potentials 
of Ei and E2 at two different locations on the same working electrode. 
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Figure 3.2 Cyclic voltammetry of ITO substrate at a scan rate of 0.1 V s'1 in solutions 
containing 0.1 M Na2S04 (dashed line) and 10 mM HzPtClg in 0.1 M Na2SÛ4, neutralized to 
a pH of 7. The potentials E\ = -1.0 V and E2 - 0.4 V are shown in the figure. 
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Figure 3.3 Optical image of platinum coverage gradient created on a circular region on 
the surface of an ITO substrate. The deposition cell used an O-ring to define the perimeter of 
deposition. The locations where the potentials E\ and E2 were applied are shown. The dashed 
box reflects the sample region where substrate measurements are taken in subsequent figures 
and the scale bar reflects the surface axis referred to in the discussion. 
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Figure 3.4 SEM micrographs taken at various positions along the substrate, (a) 1.5 mm, 
(b) 2 mm, (c) 3 mm, (d) 4 mm, (e) 5 mm, (f) 6 mm, (g) 7 mm, (h) 8 mm, (i) 9 mm, (j) 10 
mm, (k) 11 mm and (1) 12 mm 
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Figure 3.5 Summary of platinum surface coverage as a function of distance along the 
substrate as deduced by image analysis of the SEM micrographs. The error bars reflect the 
variation in measured surface coverage at each location. 
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Figure 3.6 Scanning electrochemical microscope (SECM) line scans in 0.01 M 
Ru(NH3)ôC13 / 0.1 M Na2S04 along the surface of the platinum gradient on ITO within the 
region depicted by the dashed box in Figure 3.3 at tip-sample separations of 70, 50, 30, 20, 
15 and 10 pm. The tip potential is held at -0.6 V vs. AgQRE where Ru(NHj)63+ reduction 
occurs at a diffusion-limited rate. 
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Figure 3.7 SECM lines scans along the platinum gradient in a solution of 0.01 M H2SO4 / 
0.1 M Na2SÛ4 at tip-sample separations of 105, 85, 65, 45, 25, 15 and 10 |im. The tip 
potential is held at -1.6 V vs. AgQRE, where proton reduction occurs at a diffusion-limited 
rate. The local denoted as * possessed a defect in the Pt layer. 
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Figure 3.8 Approach curves adapted from the results for hydrogen oxidation. The data 
are re-plotted from Figure 3.7 by taking the tip current at each position along the gradient and 
converting the current and tip-substrate separation to a normalized scale. The tip current (/» 
has been divided by the value at infinite separation (z't, <») while the tip-sample separation has 
been divided by the tip radius (a). Lines corresponding to the theoretical prediction for pure 
positive feedback (dotted line) and pure negative feedback (dashed line) are shown for 
reference. The inset schematics depict the tip-sample interface in the presence of high (upper) 
and low (lower) surface coverage of platinum. 
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Figure 3.9 Summary of electrochemical rate constant values for hydrogen oxidation as a 
function of surface position as deduced by fitting the experimental approach curves from 
Figure 3.8 to a theoretical model. The dashed box reflects the upper limit in the measurable 
rate constant where the response is diffusion limited. 
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Figure 3.10 Rate constant values plotted as a function of surface coverage. The dashed 
line represents a linear increase in rate with coverage according to eq 8. 
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Chapter 4. Screening the Reactivity of PtxRuy and PtxRuyMoz 
Catalysts toward the Hydrogen Oxidation reaction 
Adapted from a manuscript published in the Journal of Physical Chemistry B 2003,107, 
5221-5230 
Shrisudersan Jayaraman and Andrew C. Hillier 
4.1 Summary 
This chapter describes an application of the scanning electrochemical microscope to 
spatially map the kinetics of heterogeneous electron-transfer reactions in order to perform 
screening measurements for combinatorial studies of electrooxidation catalysts. The ability to 
measure the activity of catalyst surfaces toward the hydrogen oxidation reaction via tip-
sample feedback is used to characterize the activity of PtxRuy and PtxRuyMoz catalysts as a 
function of composition and electrode potential. Multielement band electrodes containing 
various compositions of PtxRuy and PtxRuyMoz deposits are created via pulsed 
electrochemical deposition onto patterned substrates. Catalyst compositions are verified 
through a combination of Auger electron spectroscopy and energy-dispersive x-ray 
spectroscopy. Activity toward the hydrogen oxidation reaction is probed in sulfuric acid 
solutions by using a scanning microelectrode tip placed in close proximity to the catalyst 
surfaces. The tip potential is held at a value where protons are reduced to hydrogen at a 
diffusion-limited rate. Tip-produced hydrogen is converted back to protons via oxidation at 
the catalyst surfaces. This leads to an increase in the feedback current at the tip, whose 
magnitude directly reflects the substrate's rate constant for hydrogen oxidation. Monitoring 
the feedback response while scanning the microelectrode tip over catalyst samples of various 
compositions is used to deduce the onset of activity. The onset of hydrogen oxidation on 
these catalyst samples in the presence of an adsorbed monolayer of carbon monoxide 
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(catalyst poison) is determined by performing screening studies as a function of electrode 
potential. The compositions with the lowest onset potentials are identified, and the results are 
compared with carbon monoxide stripping experiments. 
4.2 Introduction 
The utility of the SECM as a screening tool to detect the reactivity of spatially 
varying catalyst samples towards a simple reaction (hydrogen oxidation) was demonstrated 
in Chapter 2. In this chapter, we utilize SECM to map the reactivity of a multicomponent 
catalyst library platform towards a more complex reaction involving hydrogen oxidation in 
presence of catalyst poison (CO). Small libraries of platinum-ruthenium and platinum-
ruthenium-molybdenum catalyst systems whose poison tolerance properties have been 
widely studied [105, 107, 117, 129-131, 148, 264] were prepared and screened with SECM 
to validate its use as a screening tool for fuel cell electrooxidation reactions. 
The enhancement of CO-tolerance of platinum by ruthenium and molybdenum has 
been established by several studies [105, 107, 117, 129-131, 148, 264]. Ruthenium and 
molybdenum enhance the activity of platinum due to their oxophilic nature (i.e, their ability 
to dissociate water and form surface oxides more readily than Pt) as well as the stability of 
their oxides (from Pourbaix diagram) in the potential range and electrolyte employed in 
practical fuel cells. From table 2.2 in Chapter 2, it can be seen that both Ru (528.4 kcal mol"1) 
and Mo (560.2 kcal mol"1) have higher affinity towards oxygen than Pt (391.6 kcal mol"1) 
(the numbers in parentheses are the metal-oxygen bond energies). 
The reactivity of multielement Pt-Ru and Pt-Ru-Mo samples were studied in the 
absence and presence of a monolayer of CO using the SECM. The onset of activity for the 
hydrogen oxidation reaction was determined by mapping the reactivity of these samples as a 
function of the substrate potential and the highly active composition regions were identified. 
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4.3 Experimental 
4.3.1 Materials 
All experiments were performed using electrolytes in 18 Mfi de-ionized water (E-
Pure, Barnstead, Dubuque, IA). Electrochemical measurements were performed in solutions 
containing as-received sulfuric acid (H2SO4) and sodium sulfate (NaaSCU) (Aldrich, 
Milwaukee, WI). Unless otherwise noted, the solutions were de-aerated with nitrogen (BOC 
Gases, Murray Hill, NJ) prior to each measurement. Carbon monoxide coated surfaces were 
created by delivering pure CO gas (BOC Gases, Murray Hill, NJ) to the electrode surface by 
bubbling through a porous ceramic frit (Ace Glass, Inc., Vineland, NJ) into the electrolyte 
solution for a period of 5 minutes with the working electrode held under potential control. 
The CO was then removed from solution by purging with nitrogen for a period of 15 
minutes. Deposits of Pt, Ru and Mo were obtained by electrodeposition (vide infra) from 
solutions containing chloroplatinic acid (H^PtCl^), ruthenium chloride (RuClj) and sodium 
molybdate (NaMoOg) (Strem Chemicals, Newburyport, MA) in 0.1 M Na^SO#. A platinum-
iridium (Pt-Ir) coated titanium mesh was used as counter electrode and a Hg/Hg^SO^ 
electrode was used as the reference electrode in all the electrochemical experiments. The 
potentials reported in this manuscript have been converted to the reference hydrogen 
electrode (RHE) scale. 
4.3.2 Substrate Electrode Preparation 
Indium-tin oxide (ITO) coated glass slides (Delta Technologies, Stillwater, MN) with 
a Rs = 30 Q inch"1 were used as substrates in this study and patterned to form an array of 
eight electrode bands. Each electrode was electrically isolated from others. The ITO 
substrates were cut into 25 mm x 37 mm sections using a diamond scribe followed by rinsing 
in copious amounts of deionized water, sonicating in a 50/50 ethanol/water mixture, rinsing 
again in deionized water and finally drying thoroughly under a stream of nitrogen. A thin 
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layer of the photoresist (Microposit® S1813 Photoresist, Shipley, Marlborough, MA) was 
coated on the ITO substrate by spin coating at 1000 rpm. The substrate was soft-baked in a 
convection oven (Model 40 GC Lab Oven, Quincy Inc., Chicago, IL) at 100°C for 30 
minutes. This was followed by a 15-minute exposure to ultraviolet light (UV source: 
Spectroline® Model SB-1 OOP, Spectronics Corp., Westbury, NY) through a patterned 
aluminum mask. The mask was prepared by milling eight 1 mm wide bands with a separation 
of 1.5 mm between each band from an aluminum plate of -0.7 mm thickness. The substrate 
was developed immediately (Microposit® MF-319 Developer, Shipley, Marlborough, MA) 
leaving behind the unexposed photoresist with the desired pattern. The substrate was 
subsequently rinsed in copious amounts of deionized water and hard-baked at 110°C for 30 
minutes. The ITO in the regions of the substrate that were not covered by the photoresist was 
etched from the surface by placing the sample in a solution containing 6 M HC1 and 0.2 M 
HNO3 for 15 minutes. The substrate was then rinsed thoroughly in deionized water and 
immersed in the photoresist remover (Microposit® Remover 1165, Shipley, Marlborough, 
MA) for ~2 minutes to remove the residual photoresist from the protected ITO regions. The 
substrate was then rinsed in deionized water, sonicated in a 50/50 ethanol/water mixture, 
rinsed again in deionized water and dried thoroughly under a stream of nitrogen. A 12 mm x 
24 mm x 30 mm rectangular glass tube with a wall thickness of 1.5 mm (Wale Apparatus 
Company, Inc., Hellertown, PA) was attached to the ITO substrate using Miccrostop stop-off 
lacquer (Pyramid Plastics Inc., Hope, AR) to form an electrochemical cell with a portion of 
each band-electrode exposed outside the cell to provide electrical connection. The eight 
working electrodes were connected to a 20-pin dip-clip (Pomona Electronics, Pomona, CA) 
to allow potential control of individual electrodes or the entire assembly. 
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4.3.3 Catalyst Samples Preparation 
Catalysts of various compositions of PtxRuy and PtxRuyMoz were fabricated by 
electrochemical deposition onto multielement electrode band samples. Solutions containing 
10 mM HzPtClg, 10 mM RuCl], and 10 mM Na^MoC^ in 0.1 M NaiSC^ were mixed in 
various ratios prior to deposition. The deposition procedure utilized a potential pulse program 
that applied a square wave to the band electrode with potential limits of 0 and -1.5 V vs. 
Hg/Hg]S04 at a frequency of 100 Hz with a potentiostat (Model 283 EG&G Instruments, 
Oakridge, TN) and a function generator (Global Specialities, New Haven, CT). The potential 
waveform employed during the electrodeposition is shown in Figure 4.1. Electrodeposition 
was carried out by injecting a solution of known metal composition into the electrochemical 
cell and applying the potential waveform to one of the eight electrode bands for a period of 5 
min. Following deposition, the cell was thoroughly rinsed with deionized water before a new 
solution composition was injected. Electrodeposition was completed in a serial fashion until 
all electrodes were coated. For the PtxRuy electrodes, the deposition solutions for the eight 
bands consisted of Pt4+/Ru3+ solution with molar ratios of 100/0, 90/10, 70/30, 60/40, 30/70, 
10/90 and 0/100. The PtxRuyMoz electrodes were created using a mixture of the 90/10 
Pt4+/Ru3+ solution with varying Mo content. A set of four identical samples was prepared for 
each material and tested with a combination of scanning electrochemical microscopy 
(SECM), Auger electron spectroscopy (AES), scanning electron microscopy (SEM), energy-
dispersive x-ray spectroscopy (EDS), and cyclic voltammetry. 
4.3.4 Methods 
4.3.4.1 Scanning Electrochemical Microscope 
The scanning electrochemical microscope (SECM) used in this work was similar to 
that described in the literature [262]. The electrochemical cell containing the band-electrodes 
was positioned so that the plane of the substrate was oriented parallel to the SECM scanning 
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plane with a multi-axis tilt stage (Model 39, Newport, Irvine, CA). Most experiments 
involved holding the tip potential at a value of-1.0 V vs RHE while changing the tip position 
and substrate potential. Line scans were acquired at several tip-sample separations at a tip 
scan rate of 200 |^m s"1. The SECM tips were fabricated with 25 jam diameter gold wires 
(Goodfellow, Berwyn, PA) sealed in glass using a technique similar to that described in the 
literature and can be found in our previous work (Chapter 3). 
4.3.4.2 Multielectrode Potentiostat 
Cyclic voltammetry was performed on the substrate electrodes using a multi-electrode 
potentiostat (Model CH1030, CH Instruments Inc., Austin, TX), which could control eight 
working electrodes independently. The working electrode leads were connected to eight of 
the pins of a 20-pin dip-clip (Pomona Electronics, Pomona, CA), which was attached to the 
substrate electrode. A wound Pt-Ir counter electrode and a Hg/HgSO^ reference electrode 
were used during voltammetry experiments. CO-stripping measurements were performed by 
dosing CO into the solution and adsorbing a monolayer on the electrode surfaces. CO was 
adsorbed on all eight electrodes simultaneously by holding the electrode potentials at a value 
of 0.05 V vs RHE for 5 minutes in a CO saturated solution with 0.01 M H2SO4/O.I M 
Na^SO^. The CO in solution was subsequently removed by purging with nitrogen for 5 
minutes while still holding the potential at 0.05 V vs RHE. The potential of the electrodes 
were first scanned negative to 0 V vs RHE and then positive up to 0.9 V vs RHE at a scan 
rate of 0.1 V s"1. 
4.3.4.3 Scanning Electron Microscopy 
Surface topography and bulk compositional analysis of the PtxRuy and PtxRuyMoz 
band electrodes was performed using a JEOL JXA 840A scanning electron microscope 
equipped with a X-ray detector (Princeton Gamma-Tech Inc., Princeton, NJ) for Energy 
Dispersive Spectroscopy (EDS) analysis. An accelerating voltage of 20kV was used in all 
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SEM experiments. A double-sided copper adhesive tape (3M Electrical Products Division, 
Austin, TX) was used to provide electrical contact between the substrate and the sample 
mount in order to prevent the charging effects during SEM measurements. The Pt Ma peak 
at 2.050 keV, the Ru La peak at 2.558 keV and the Mo La peak at 2.293 keV were used to 
determine the bulk compositions of the band electrodes. 
4.3.4.4 Auger Electron Spectroscopy 
Surface compositions of the PtxRuy band electrode were verified using a Model 0560 
Auger Electron Spectroscope (Physical Electronics, Eden Prairie, MN). An accelerating 
voltage of 3kV was used in all AES measurements. Pt-MNN peak at 69eV and Ru-MNN 
peak at 269eV were used for the quantitative analysis of Pt and Ru. A double-sided copper 
adhesive tape was used to provide electrical contact between the substrate and the sample 
mount to prevent the charging effects. 
4.4 Results and Discussion 
4.4.1 PtxRuy Catalyst Sample 
PtxRuy catalyst samples were fabricated by electrochemical deposition as described in 
the previous section. An image of the band-electrode assembly is shown in Figure 4.2a. The 
PtxRuy samples included eight electrodes with compositions ranging from pure Pt to pure Ru. 
Figure 4.2b shows SEM micrograph of a representative catalyst region. Auger electron 
spectroscopy was used to determine electrode compositions which are depicted in Figure 
4.2c. EDS compositional mapping provided essentially equivalent results for the various 
electrodes. The application of a periodic potential waveform to electrodeposit the catalysts 
provided a more uniform particle size distribution than what could be achieved by constant 
potential deposition. This can be explained by considering that a brief negative potential 
favors particle nucleation while periodic excursions to positive potentials limit the time 
available for particle growth. Continued pulsing in this manner allows for an increase in 
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particle number via nucleation, but maintains the particle size over a narrow range. In 
contrast, constant potential deposition tends to create a broad particle size distribution 
because particle nucleation and growth occurs continually throughout the deposition cycle 
(as observed during the platinum deposition in Chapter 3). 
Deposition was typically performed until a dense layer of particles formed with 
essentially uniform and complete coverage. SEM analysis of the deposits (Figure 4.2b) 
indicated that the morphology of the PtxRuy catalysts consisted of spherical particles with 
average particle sizes around 200 nm. A comparison of the composition of the deposition 
solution to the final deposition composition indicated that the catalyst samples prepared in 
this manner were slightly enriched in platinum compared to the bulk solution. For example, a 
deposition solution containing a Pt4+/Ru3+ molar ratio of 90/10 gave a deposit with a 
composition ratio of 94/6 while a deposition solution with a Pt4+/Ru3+ molar ratio of 10/90 
gave a deposit with a composition near 50/50. This indicates rapid deposition kinetics for 
Pt4+ reduction compared to the reduction of Ru3+. 
4.4.2 Electrochemical Characterization of PtxRuy Electrodes 
Cyclic voltammetry of the PtxRuy samples in H2SO4 gives an indication of the 
composition of the samples and the influence of increasing Ru content (Figure 4.3). The pure 
platinum electrode (band 1) behaves in a manner typical of polycrystalline platinum [265]. 
The two well-defined peaks and broad background current between 0 and 0.3 V reflect the 
underpotential deposition of hydrogen (H-UPD) that occurs on the various crystal planes 
exposed on a polycrystalline surface. Increasing the potential of the PtiooRuo electrode 
produces features corresponding to the double layer and then oxide formation. The current in 
the double layer region between 0.3 and 0.7 V is featureless and reflects a clean metal 
surface. Platinum hydroxide and oxide formation commence at potentials approaching 0.8 V. 
Reversing the potential scan direction at 0.85 V results in cathodic current corresponding to 
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the reduction of platinum oxides. Further negative excursions in the electrode potential 
produce signatures of the double layer (0.7-0.3 V) and H-UPD (0.3-0 V) regions as near-
mirror images of the positive-going scan. 
The pure ruthenium electrode (band 8) differs from pure platinum in a number of 
respects. The H-UPD region between 0 and 0.2 V displays a broad response without well-
defined peaks. Current measured in this region includes contributions from both hydrogen 
adsorption onto the ruthenium surface and significant hydrogen absorption into the bulk of 
the metal. At potentials below 0.3 V, ruthenium exists in the metallic state. Positive 
excursions in the electrode potential above 0.3 V create ruthenium hydroxides and oxides. 
Ruthenium oxides exhibit a large capacitance as evidenced by the increased charging current 
in the double layer region between 0.3 V and 0.7 V. The oxide content of ruthenium has been 
shown to be potential dependent with complete conversion of the surface ruthenium to oxides 
occurring by 0.95 V [266, 267]. Further positive excursions in the electrode potential above 
0.95 V lead to the dissolution of Ru oxides and hence irreversible loss of Ru from the 
electrode surface. Reduction of the Ru oxides back to Ru metal appears as a broad reduction 
peak located between 0.5 and 0.2 V on the negative potential scan. 
Figure 4.3 also depicts two of the intermediate composition PtxRuy electrodes at 
Ptg4Ru6 and Pt^Ru^. Both compositions exhibit a character that combines features of pure Pt 
and pure Ru. The H-UPD region on Pt^Ru^ displays a broadened overall response with 
suppressed strong and weak adsorptions peaks compared to pure Pt. The charging current in 
the double layer region is increased in magnitude. The Pt^Ru^ electrode exhibits further 
suppression of the strong and weak adsorption peaks and increased capacitive current in the 
double layer region. Both intermediate composition electrodes exhibit a broad reduction peak 
near 0.5 V that is presumably due to the reduction of Ru oxides. 
The electrochemical and electro-catalytic activities of the array electrodes were 
probed locally using the SECM. The electrochemical activity of the substrate towards non-
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catalytic reactions was probed using the Ru(NH3)63+/2+ redox couple for the tip reaction. In 
these measurements, the tip is held at a potential where the reduction of Ru(NH3)63+ occurs at 
a diffusion limited rate. 
Ru(NH,)/+ + e" -» Ru(NH,)/+ (1) 
When the tip is brought close to a conducting (i.e.,electrochemically active) substrate, the 
product of the tip reaction is oxidized back to Ru(NHs)63+ on the substrate. This results in an 
increased flux of Ru(NHs)63+ to the tip with decreasing tip-substrate separations and hence an 
increased tip current resulting in a positive feedback. 
Ru(NH,)/+ _J^Ru(NH,)/+ +e" (2) 
On the other hand, when the tip is brought close to an insulating (i.e., electrochemically 
inactive) substrate, the tip current will diminish with decreasing tip-substrate separations, 
which is a result of the blocking of diffusion of Ru(NH3)e3+ and hence a negative feedback. 
A series of approach curves using this probe reaction was acquired at different 
locations across the catalyst-deposited array electrode substrate. Figure 4.4 shows the 
approach curves acquired at different regions on the substrate in a solution containing 10 mM 
Ru(NH3)ôC13 and 0.1 M NaaSO^ It can be seen that the bands containing catalyst deposits 
exhibit a pure positive feedback while the insulating glass regions separating these bands 
exhibit pure negative feedback. This shows that the catalyst deposited bands are 
electrochemically active exhibiting high rate towards the oxidation of Ru(NH3)ô2+ (a non-
catalytic reaction) and the glass regions are inactive. 
To show the capability of SECM to screen multicomponent catalysts towards fuel cell 
electrooxidation reactions, the activities of the PtxRuy bands were probed towards hydrogen 
oxidation reaction in the absence and presence of a catalyst poison, CO. The H"VHz redox 
couple was used as the probe reaction. In these experiments, the tip electrode was held at a 
constant potential of-1.0 V vs. RHE. At this potential the tip reaction is the diffusion-limited 
reduction of protons to hydrogen: 
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2H+ +2e" -» H2 (3) 
When the tip is approached towards a nonreactive substrate such as glass, the tip current 
decreases in magnitude due to hindered diffusion of protons from bulk solution to the tip. If 
the tip is positioned near a surface that acts as a catalyst for the hydrogen oxidation reaction, 
the tip current increases. This occurs because the substrate can oxidize the hydrogen that is 
produced at the tip back to protons according to eq. 4 which results in a positive feedback. 
H2 > 2H+ + 2e~ (4) 
In this work, the tip electrode was used to map the local reactivity of the multielement 
band electrodes toward the hydrogen oxidation reaction. As seen in Chapter 2, by holding the 
tip close to the substrate and scanning it over the electrode bands containing various catalyst 
compositions while simultaneously measuring the tip current, catalytic activity of the bands 
can be deduced. 
Figure 4.5 a depicts a series of line scans measured with the SECM tip scanned over 
an eight-element PtxRuy sample. The band numbers corresponding to the compositions 
depicted in Figure 4.2 are listed. Each line in the figure represents a scan taken at a fixed tip-
sample separation with the tip electrode scanned for a lateral distance of 20 mm at a velocity 
of 200 ^m s"1 from left of the first to right of the eighth band. At a separation of 60 |im, 
seven of the bands appear as small features with a slightly increased tip current on top of a 
uniform background value. Scans taken at separations greater than 100 pm were essentially 
featureless with the tip current equal to the diffusion-limited value. Decreasing the tip-sample 
separation from 60 pm down to 10 |a.m increases the magnitude of the tip current over bands 
1-7. The tip current over the insulating regions between the electrode bands and over band 8 
(pure Ru) decreases as the tip-sample separation is reduced. The increase in tip current over 
bands 1 -7 and decrease in current over band 8 and the insulating regions can be explained in 
terms of the magnitude of the rate constant (&s) for the hydrogen oxidation reaction at these 
substrate locations. 
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Figure 4.5 b depicts the tip current over each of the band electrodes plotted as a 
function of tip-sample separation. Each of the bands 1-7 exhibits an identical response that 
shows an increase in tip current as the tip-sample separation is reduced. These bands 
represent PtxRuy compositions between pure Pt (PtmoRuo) and Pt^Ru^. The increase in tip 
current can be interpreted as a pure positive feedback response that reflects a rate constant for 
hydrogen oxidation over these regions of the substrate that is in excess of 1 cm s"1, which is 
the maximum rate constant detectable by the tip in the current configuration (Chapter 2). The 
eighth band, which is pure Ru, displays a decrease in current with tip-sample approach that is 
consistent with pure negative feedback and reflects an inactive surface with a rate constant 
for hydrogen oxidation below 0.001 cm s"1. These results demonstrate that the PtxRuy 
electrodes with a Ru content below 50 % prepared by this pulsed electrodeposition method 
exhibit high activity for the hydrogen oxidation reaction. This activity can be described by a 
rate constant in excess of 1 cm s"1 for all but the pure Ru band. 
Carbon monoxide (CO) is known to strongly adsorb to platinum and deactivate that 
surface toward hydrogen oxidation by blocking sites for hydrogen adsorption. Since CO is 
present in hydrogen fuels produced by reforming of hydrocarbons, it is important to 
understand the influence of this species on hydrogen oxidation. It is also important to identify 
catalysts that can effectively mitigate the impact of CO poisoning at low potentials either by 
promoting its oxidation or by reducing the surface coverage to a level where sufficient 
hydrogen oxidation rates can be achieved. 
In typical electrochemical measurements studying the influence of CO on hydrogen 
oxidation, both components are fed to a rotating disk electrode [106, 107, 268]. An 
alternative to this approach is to use the SECM to measure the kinetics of hydrogen oxidation 
in the presence of CO [248, 268]. With this technique, CO is delivered to the electrode 
surface from solution while hydrogen is generated locally at the microelectrode tip. For a 
gold microelectrode reducing protons to hydrogen, the tip response is unaffected by the 
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presence of CO in solution. Therefore, the tip current reflects only the diffusion-limited 
proton reduction rate and changes in that value due to feedback from a substrate. Thus, the 
SECM effectively decouples the measured signal from the CO oxidation current. This allows 
the SECM to probe hydrogen oxidation in the presence of a CO layer without it influencing 
the accuracy or interpretation of the tip response. In this work, this facility is used to probe 
the activity and onset potential of various catalysts toward the hydrogen oxidation reaction 
on a CO-poisoned surface. 
Figure 4.6 a depicts a series of SECM line scans over the PtxRuy band electrodes 
taken at a tip-sample separation of 15 |xm. These results illustrate the impact of an adsorbed 
CO layer on the hydrogen oxidation reaction for these electrode compositions. The band 
numbers corresponding to the compositions listed in Figure 4.2 are depicted at the top of 
Figure 4.5 a. The line scans were acquired following exposure of the substrate electrodes to 
CO gas for a period of 5 min while the electrodes were held at a potential of 0.05 V. 
Following adsorption of a monolayer of CO, the solution was purged with nitrogen (to 
remove CO from the solution to prevent any readsorption of CO on the catalyst sites). The 
bottom curve in Figure 4.6 a was acquired with the substrate potential at 0.1 V and indicates 
complete inactivity at all electrode bands (Scheme 4.1 b). The curve depicts a constant 
negative feedback in which the band electrodes are indistinguishable from the insulating 
regions between them and the surface appears uniform. Thus, the hydrogen oxidation 
reaction is completely suppressed by adsorbed CO at all catalyst compositions at this 
electrode potential. 
Additional SECM line scans were acquired at increasingly positive substrate 
potentials. At 0.3 and 0.42 V, all electrodes remain inactive. However, at 0.46 V electrodes 
2-5 exhibit an increased tip current. This increase in current reflects positive feedback 
between and sample due to the onset of hydrogen oxidation at the substrate. Presumably, this 
activation occurs in concert with CO oxidation from the surface that frees active surface sites 
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for hydrogen adsorption and subsequent oxidation. Notably, the activation does not reflect 
complete oxidation of the CO monolayer, but rather indicates the early stages of this process. 
Hydrogen oxidation can occur after the removal of only a fraction of the CO layer [248, 268]. 
The compositions of the most active electrodes 2-5 vary in ruthenium content from 6 
to 34 %. As the substrate potential is further increased, additional electrodes start to activate. 
Between 0.48 and 0.5 V, electrode 6 with a ruthenium composition of 40 % becomes active 
and electrode 7, with a ruthenium composition of 46 %, activates between 0.55 and 0.6 V. 
The pure platinum electrode becomes active at 0.8 V, while the pure ruthenium electrode 
remains inactive over the entire potential range. 
A summary of the onset potential values as determined by SECM imaging of the 
PtxRuy electrodes is depicted in Figure 4.6b. The criteria set for the onset potential is the 
value where the tip current is at least 50 % of its value in the absence of adsorbed CO on the 
catalyst at a given tip-substrate separation. The series of binary catalysts exhibits a broad 
minimum in the onset potential for hydrogen oxidation at roughly 0.45 V for the electrodes 
with Ru contents between 5 and 40 %. These onset potentials are nearly 0.35 V lower than 
that exhibited by pure platinum. 
Hydrogen oxidation on these CO-poisoned electrodes is suppressed at low potentials 
due to the decrease in available surface sites for the adsorption and dissociation of hydrogen. 
In order for the hydrogen oxidation reaction to proceed, CO must be removed via oxidation 
to CO2. The bifunctional mechanism can be used to describe the mechanism of CO removal 
(Chapter 2). CO is oxidized from platinum sites (Pt) following the dissociation of water on 
neighboring metal sites (M). 
M +  H 2 0->M-0H + H +  +e -  (5 )  
Water dissociation form metal hydroxides (or oxides), which can convert CO to CO2 
according to 
Pt - CO + M - OH -» Pt + M + C02 + H+ + e" (6) 
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Since the rate of hydrogen oxidation on platinum is large, it is possible to reach mass 
transport limited oxidation rates with only a small number of CO-free surface sites [268]. 
Therefore, hydrogen oxidation activates following the removal of only a fraction of the CO 
monolayer. In fact, it has been shown that a decrease in as little as 10 % of a monolayer is 
sufficient to increase the rate of hydrogen oxidation from near zero to diffusion-limited 
values [248]. This is in contrast to methanol oxidation, where a greater number of surface 
sites are required to adsorb and dissociate methanol [14, 103, 269]. 
On pure platinum, CO oxidation occurs in concert with oxide formation and typically 
is observed in the neighborhood of 0.8 V for polycrystalline electrodes [265]. Ruthenium, in 
contrast, dissociates water to form oxides at a considerably lower potential than platinum as 
is illustrated in the base electrode voltammetry in Figure 4.3. Ruthenium oxidation and the 
dissociation of water commence between 0.4 and 0.6 V on pure ruthenium. The ability of the 
PtxRuy electrodes to oxidize hydrogen in the presence of adsorbed CO is a combination of the 
presence of Ru sites to dissociate water and subsequently oxidize CO and Pt sites to adsorb 
and dissociate hydrogen. The broad optimum Ru composition range observed between 5 and 
40 % reflects the presence of sufficient Ru sites to initiate CO oxidation and free enough Pt 
sites to achieve mass transport limited oxidation rates for hydrogen which is in agreement 
with RDE studies carried out on PtxRuy bulk electrodes [106, 107]. In the experiments 
performed here, the diffusion-limited oxidation rate reflects a rate constant in excess of 1 cm 
s"1. Notably, a surface containing as little as 5 % Ru can oxidize a sufficient quantity of CO 
from the Pt sites to produce mass transport limited hydrogen oxidation. 
CO stripping voltammetry on a selection of the PtxRuy electrodes is depicted in 
Figure 4.7. In these experiments, a monolayer of CO was adsorbed onto the various 
electrodes for a period of 5 min with the electrodes held at 0.05 V. The solution was 
subsequently purged with nitrogen and the electrode potentials were then scanned in the 
positive direction so as to oxidize the CO layer. These results display the typical response of 
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PtxRuy electrodes during CO oxidation [118]. The pure Pt electrode exhibits two oxidation 
peaks on the positive scan. A broad shallow oxidation peak appears between 0.4 and 0.7 V. 
This peak is often referred to as a "prewave" and reflects the oxidation of weakly adsorbed 
CO (COads,w) [268]. On Pt(lll) surfaces, this oxidation is a transient phenomenon 
corresponding to a phase transition of the CO monolayer from an ordered C(2 x 2) structure 
with a coverage of 0.75 monolayer to a disordered structure with a coverage of 0.68 
monolayer[270, 271]. Both surfaces completely poison the platinum surface toward hydrogen 
oxidation under steady-state conditions [268]. The main oxidation peak at 0.8 V corresponds 
to complete removal of the CO layer by oxidation of strongly adsorbed CO (C0ads,s)-
The oxidation of CO on the various PtxRuy electrodes proceeds without a noticeable 
prewave but with an onset potential and peak potential that appear at lower potentials than Pt 
and are composition dependent. The pure Ru electrode exhibits a CO oxidation peak at 0.65 
V. Increasing the platinum content produces a lower peak potential for CO oxidation, with a 
minimum exhibited at approximately 0.5 V for the electrodes with Ru contents between 5 
and 35 %. This trend is consistent with prior results for electrodeposited PtxRuy electrodes 
[118, 272, 273], although work using electrode preparations that include bulk alloys[106, 
107, 274] and chemically synthesized nanoparticles [256, 275, 276] report minimum peak 
potential values for Ru compositions that vary between 10 and 50 %. The difference in 
optimum compositions is due to the surface enrichment of Pt in Pt-Ru alloys. In an LEIS and 
AES study on Pt-Ru alloys, Gasteiger et al found a nearly constant surface composition of 87 
% Pt for bulk compositions from 20 to 60 % Pt [170]. In our study, the composition 
determined by AES (surface composition) and EDS (bulk composition) were similar within 
the experimental error. This might be due to the difference in catalyst preparation: 
electrodeposition of the catalysts results in surface and bulk compositions that are 
comparable while other methods (for example preparation of alloys by arc-melting) result in 
different surface and bulk compositions. As mentioned earlier, hydrogen oxidation can occur 
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on CO-covered surfaces once active sites begin to form due to the onset of CO oxidation. 
Thus, the peak potential is less important for this process than the onset potential for CO 
oxidation. In Figure 4.7, it is clear that the onset of CO oxidation occurs at considerably 
lower potentials than the peak potential. In particular, the electrodes with Ru compositions of 
6, 22 and 34 % exhibit an onset for CO oxidation at a potential near 0.4 V. The onset 
potentials for CO oxidation in Figure 4.7 are consistent with the values measured for 
hydrogen oxidation on these surfaces in Figure 4.6 b. 
4.5 PtxRuyMoz Catalyst Sample 
A variety of multicomponent catalysts have been constructed in an attempt to 
improve performance for the oxidation of fuels such as H%/CO and methanol. Additional 
components have been added to improve poison tolerance, promote water dissociation at 
lower potentials, and activate C-C and C-0 bond breaking. The hydrogen oxidation reaction 
requires platinum sites to adsorb and dissociate hydrogen while CO tolerance is obtained by 
introducing metals that promote the dissociation of water at low potentials. Binary systems 
with platinum and molybdenum have shown favorable performance compared to ruthenium 
[130, 151]. From table 2.2 and from discussion in chapter 2, we noted that both Ru (528.4 
kcal mol"1) and Mo (560.2 kcal mol"1) have higher M-0 bond energies and hence higher 
affinity towards oxygen than Pt (391.6 kcal mol"1) making them good candidates to improve 
the poison tolerance of Pt. In an attempt to explore the impact of molybdenum content on the 
hydrogen oxidation reaction in the presence of adsorbed CO, a series of PtxRuyMoz 
electrodes were synthesized and characterized. 
Figure 4.8 depicts the compositions of five electrode bands constructed by 
electrodeposition from solutions containing varying amounts of H^PtCU, RuCh and 
NazMo04. The deposition procedure was the same as that used to create the PtxRuy 
electrodes. A solution containing 90/10 Pt4+/Ru3+ (the solution composition that produced a 
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surface composition of Pt^Ru^ in the PtxRuy sample) was mixed with a solution containing 
MO6+ at different ratios (100/0, 90/10, 70/30, 50/50 and 30/70 The five electrodes depicted in 
Figure 4.8 possess Mo content within the range of a minimum of 0 % to a maximum of 23 %. 
4.5.1 Electrochemical Characterization of PtxRuyMoz Electrodes 
Cyclic voltammetry of the PtxRuyMoz electrodes depicts a behavior that differs from 
pure Pt, pure Ru and the PtxRuy electrodes (Figure 4.9). The Mo-free electrode, denoted 
Pt94Ru6Moo, exhibits the characteristic signature of PtxRuy that includes a combination of Pt 
and Ru behavior. The addition of Mo to this nominal electrode composition produces 
additional electrochemical current in the potential range between 0.3 and 0.6 V. A distinct 
oxidation peak is observed in all Mo-containing electrodes at a potential of about 0.5 V with 
a corresponding reduction peak at 0.35 V. The remainder of the voltammogram resembles 
that of the Pt^Ru^Moo electrode with a similar capacitive current at the positive potential 
limit and hydrogen adsorption peaks of a similar magnitude and shape. 
The additional current in the potential range from 0.3 to 0.6 V for the Mo-containing 
electrodes suggests that Mo component is undergoing an oxidation / reduction process. The 
Pourbaix diagram for Mo suggests that a stable oxide of composition M0O2 or M0O3 will 
form in this potential / pH range [92]. Therefore, it is reasonable to speculate that these Mo-
containing electrodes will be able to dissociate water and provide hydroxide or oxide surface 
species that are able to oxidize CO at low potentials. 
Characterization of this series of PtxRuyMoz electrodes using SECM reactivity 
mapping supports the idea of enhanced activity. Line scans over the various Mo-containing 
electrodes in the absence of CO indicated that all compositions exhibit diffusion-limited 
oxidation rates for hydrogen oxidation. This is reasonable in that the Pt content in these 
electrodes remains above 75 %, which provides sufficient active sites for hydrogen oxidation 
to achieve diffusion-limited oxidation rates. 
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Figure 4.10 a illustrates a series of SECM line scans acquired at a tip-sample 
separation of 10 ;im following adsorption of a monolayer of CO from solution. The substrate 
electrode was held at 0.05 V for 5 min in a CO-saturated solution before purging with 
nitrogen. The line scan acquired at 0.1 V exhibits pure negative feedback over the entire 
electrode surface, which indicates that the PtxRuyMoz electrodes are completely inactive 
toward hydrogen oxidation due to poisoning by CO. All electrodes remain inactive as the 
substrate potential is increased to 0.2 V. At 0.2 V, however, the electrodes with compositions 
Pt83Ru7Moio and Pt-^Ru^Mo^o start to exhibit positive feedback, which indicates that the 
surfaces have a reduced CO coverage and are starting to oxidize hydrogen. At 0.3 V all four 
of the Mo-containing electrodes are actively oxidizing hydrogen. This is presumably the 
result of removal of a portion of the CO monolayer and the creation of free Pt sites. 
Consistent with the previous results from Figure 4.5, the Pt^Ru^Mo^ electrode activates near 
0.45 V. 
A summary of onset potential values for the Mo-containing electrodes is given in 
Figure 4.10 b. As clearly noted, the addition of Mo decreases the onset potential for hydrogen 
oxidation by nearly 0.2 V compared to the best PtxRuy electrodes. The Mo compositions 
between 10 and 25 % appear equally active within experimental error. The improved 
performance of these electrodes is likely due to the ability of Mo to promote CO oxidation at 
lower potentials. Notably, a recent study examining Mo adlayers on a single crystal platinum 
surfaces using differential electrochemical mass spectrometry postulates that Mo is 
converting a fraction of the CO on Pt to a weakly adsorbed state due to an oxygen spillover 
effect [264]. 
Voltammetry of the PtxRuyMoz electrodes following the adsorption of the CO 
monolayer is consistent with the behavior observed by SECM mapping. Figure 4.11 
illustrates the stripping voltammetry for a CO monolayer adsorbed on these electrodes. The 
Pt94Ru6Moo electrode exhibits sharp oxidation wave with an onset that commences near 0.4 
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V and a peak at 0.6 V. In contrast, the Mo-containing electrodes exhibit a broadening of the 
oxidation wave and an earlier onset potential. The onset of anodic current, which corresponds 
to the start of CO oxidation, occurs at a potential neat 0.2 V, while the peak of the oxidation 
wave occurs at a potential very near that of the Mo-free electrode. The onset potential values 
for CO oxidation are consistent with the onset of hydrogen oxidation as determined by 
SECM scanning. 
The results of this study are summarized on the ternary composition diagram shown 
in Figure 4.12. The various compositions studied are identified with circles on the Pt-Ru-Mo 
diagram. The size of the circles reflects the onset potentials measured for hydrogen oxidation 
with the SECM. The larger spots reflect lower onset potentials. The ability of both Ru and 
Mo to dissociate water at low potentials to provide surface hydroxides or oxides promotes 
CO oxidation. Notably, hydrogen oxidation proceeds in these systems at very high rates so 
that very few surface Pt sites are necessary to allow diffusion-limited oxidation rates. Thus, 
the onset potentials measured with SECM correspond to the very early stages of CO 
oxidation and do not require complete monolayer removal. The present results are also 
consistent with those of several studies involving infrared spectroscopy to determine the 
onset potentials for CO oxidation on various PtxRuy electrodes [117, 120, 148]. 
4.6 Conclusions 
The utility of SECM as a screening tool to study multicomponent catalysts towards 
practical fuel cell electrooxidation reactions was validated in this study by screening simple 
catalyst library platforms with verifiable reactivity behavior. The ability of SECM to 
decouple complex reactions [248] such as hydrogen oxidation in the presence of CO was 
exploited to screen catalyst libraries. This is a significant attribute as the present methods 
suffer from limited ability to deduce quantitative information [15] or the difficulty to separate 
contributions from multiple reactions [107]. Reactivity of catalyst libraries was deduced by 
I l l  
scanning the tip across the substrate a constant tip-substrate separation while hydrogen was 
locally produced at the tip at a diffusion-limited rate. The magnitude of the feedback current 
to the tip reflected the local reactivity of the library and hence a composition vs. reactivity 
relationship could be derived using the SECM as a screening tool. 
The ability of PtxRuy electrodes to oxidize hydrogen in the presence of a CO 
monolayer at potentials -0.35 V below that of pure Pt demonstrates the ability of Ru to 
dissociate water, forming surface oxides at potentials much lower than Pt. Mo-containing 
electrodes improved the onset potential by an additional 0.2 V, which suggests that Mo acts 
in conjunction with Pt-Ru catalyst surface to improve the tolerance of Pt towards CO. In the 
platinum-ruthenium system, compositions of Ru < 40 % possess higher poison tolerance and 
high hydrogen oxidation rates compared to pure Pt. The addition of 10-25 % of Mo to the 
highly active platinum-ruthenium composition (i.e. to Pt94Ru^ composition) further improves 
the onset potential for CO oxidation. The trends observed are consistent with that available in 
literature although the optimum ruthenium composition range reported here is lower. This 
was attributed to the Pt surface enrichment which was not taken into consideration in many 
of the previous studies. 
Thus, SECM can be used to screen catalyst libraries towards fuel cell electrooxidation 
reactions to identify active catalysts with high reactivity towards the reaction of interest (for 
example, hydrogen oxidation) and high poison (for example, CO) tolerance. The next step in 
this research is to develop methods to create highly-dense multicomponent catalyst libraries 
and then screen them for reactivity using SECM as the screening tool, which is the subject of 
Chapter 5. 
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SCHEME 4.1 Schematic of Tip-Substrate Interface during Scanning Electrochemical 
Microscopy of the Hydrogen Oxidation reaction: (a) Active Substrate, (b) CO-covered 
substrate 
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Figure 4.1 Potential waveform used during the electrodeposition of catalyst samples. 
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Figure 4.2 (a) Optical micrograph of eight-element band electrode, (b) S EM micrograph 
of a representative catalyst region, (c) Composition of PtxRuy band electrodes as determined 
by Auger electron spectroscopy (AES) with schematic of multielement band electrode 
(bottom). 
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Figure 4.3 Cyclic voltammetry of selected PtxRuy band electrodes in nitrogen-purged 
0.01 M H2SO4 / 0.1 M NazS04 at a scan rate of 0.01 V s"1. 
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Figure 4.4 SECM approach curves at different regions on the band electrode substrate in 
nitrogen purged 0.01 M RufNHs^Cls / 0.1 M NazS04. The substrate is held at a potential of 
0.5 V vs. RHE. The tip is held at a potential of -0.05 V RHE where the diffusion-limited 
reduction of Ru(NH3)63+ occurs. The catalyst deposited bands exhibit pure positive feedback 
(conductive substrate), while the glass regions exhibit pure negative feedback (insulating 
substrate). 
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Figure 4.5 (a) SECM line scans over PtxRuy band electrodes as a function of tip-substrate 
separation in nitrogen purged 0.01 M H2SO4/O.I M Na^SO^. The tip potential is held at -1.0 
V vs RHE while the substrate potential is held at 0.1 V vs RHE. Each curve is offset 
vertically for clarity, (b) Tip current as a function of tip-substrate separation directly above 
the band electrodes. The solid lines are drawn as a guide to the eye and represent positive 
(upper curve) and negative (lower curve) feedback responses. 
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Figure 4.6 (a) SECM line scans over CO-coated PtxRuy band electrodes at a tip-substrate 
separation of 15 p.m in nitrogen purged 0.01 M H2SO4/O.I M NazSC^ with the tip potential 
held at -1.0 V. Each curve is offset vertically for clarity, (b) Summary of onset potentials for 
hydrogen oxidation on CO-coated PtxRuy electrodes. The solid line has been added to serve 
as a guide to the eye. 
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Figure 4.7 Cyclic voltammetry of CO-coated PtxRuy band electrodes in nitrogen purged 
0.01 M H2SO4/O.I M Na2$04 at a scan rate of 0.01 V s"1. 
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Figure 4.8 Composition of PtxRuyMoz electrodeposited catalyst bands as determined by 
energy dispersive x-ray spectroscopy (EDS). 
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Figure 4.9 Cyclic voltammetry of PtxRuyMoz band electrodes in nitrogen-purged 0.01 M 
H2SO4/O.I M Na]S04 at a scan rate of 0.01 V s"1. 
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Figure 4.11 Cyclic voltammetry of CO-coated PtxRuyMoz band electrodes in nitrogen 
purged 0.01 M H2SO4/O.I M Na^SO^ at a scan rate of 0.01 V s"1. 
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Figure 4.12 Ternary phase diagram showing compositions examined in this study. The 
marker size reflects the onset potential for hydrogen oxidation with the largest markers 
representing the lowest onset potential. 
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Chapter 5. Fabrication and Reactivity Screening of a Catalyst 
Surface Composition Gradient 
Adapted from manuscript published in Journal of Combinatorial Chemistry 2004, 6, 27-31 
Shrisudersan Jayaraman and Andrew C. Hillier 
5.1 Summary 
A novel gel-transfer deposition method for combinatorial catalyst discovery based on 
the synthesis and reactivity mapping of a catalyst surface composition gradient is described. 
This technique was developed to construct catalyst surface composition gradients for 
combinatorial discovery. A concentration gradient of precursor metal salts is created by 
controlled diffusion of precursor metal salts into a swollen polymer gel. The spatial 
distribution of diffused precursors is transferred to a solid surface by electrochemical 
reduction, which creates a replica of the gradient on the electrode surface. To illustrate the 
capability of this technique for combinatorial discovery, a platinum-ruthenium composition 
gradient is constructed and interrogated for its catalytic activity toward the hydrogen 
oxidation reaction in the presence of CO using the SECM. This technique represents a novel 
method to construct and elucidate catalytic activity on dense and continuous combinatorial 
libraries. 
5.2 Introduction 
Gradients represent dense library platforms for combinatorial discovery. In gradient 
samples, a complete and continuous variation in catalyst composition can be created. For 
example, one could prepare a binary catalyst library with 100 % composition of a first metal 
at one end and 100 % of second metal at the other end with a continuous change in 
composition between these two ends. This results in a complete composition spread with the 
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potential to completely evaluate the reactivity of the entire composition space. Gradient 
libraries can be employed for the combinatorial discovery of fuel cell anode catalysts. 
In this chapter, we introduce a method (known as the "gel-transfer" method) to 
synthesize catalyst composition gradients based on localizing the concentration of precursor 
metal salts within a polymer gel. The slow diffusion of aqueous electrolytes inside a polymer 
gel is exploited to control the concentration of metal ions and create a concentration gradient 
inside the gel. By reducing these metal ions from the gel onto a substrate, the concentration 
gradient is converted to a surface composition gradient. Once the composition gradient is 
created on the substrate, the polymer gel is removed and the catalyst library is subjected to 
further screening. 
The capability of gel-transfer method for discovery of fuel cell catalysts is 
demonstrated here by synthesizing a platinum-ruthenium composition gradient and screening 
its activity towards hydrogen oxidation reaction in the presence of CO using the SECM. This 
approach essentially allows examination of the trends in catalyst performance as a function 
of composition in addition to identifying the active catalyst compositions. 
5.3 Experimental 
5.3.1 Materials 
All experiments were done in solutions prepared with deionized waer (18 MO, E-
Pure, Bamstead, Dubuque, IA). Electrolyte solutions consisted of a combination of H2SO4, 
Na%S04, HzPtCle and RuClj (Aldrich, Milwaukee, WI). The gels used in the work were 
prepared using ultra-pure low melting point agarose (Invitrogen Life Technologies, Carlsbad, 
California). Indium-tin oxide (ITO) coated glass slides (Delta Technologies Limited, 
Stillwater, MN) with Rs = 30 Q inch"1 were used as substrates. Photolithography was used to 
pattern the substrates prior to catalyst deposition. The method was similar to the one 
explained in Chapter 4 with the difference being that a glass slide with Ronchi rulings 
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(Edmund Industrial Optics, Harrington, NJ) was used as mask during UV exposure. A wound 
platinum-iridium (Pt-Ir) wire was used as counter electrode and a Hg/Hg]S04 electrode was 
used as the reference electrode in all the electrochemical experiments. 
5.3.2 Methods 
5.3.2.1 Scanning Electron Microscopy 
Compositional analysis of the PtxRuy gradient was performed using a JEOL JXA 
840A scanning electron microscope equipped with a X-ray detector (Princeton Gamma-Tech 
Inc., Princeton, NJ) for Energy Dispersive Spectroscopy (EDS) analysis. An accelerating 
voltage of 20kV was used in all SEM experiments. A double-sided copper adhesive tape (3M 
Electrical Products Division, Austin, TX) was used to provide electrical contact between the 
substrate and the sample mount in order to prevent the charging effects during SEM 
measurements. The Pt Ma peak at 2.050 keV and the Ru La peak at 2.558 keV were used to 
determine the bulk compositions at various points along the gradient. 
5.3.2.2 Scanning Electrochemical Microscopy 
The scanning electrochemical microscope (SECM) used in this work was same as the 
one described in Chapter 3. A Teflon cell with a volume of 15 mL was used during the 
electrochemical experiments. The ITO substrate with catalyst gradient was held at the bottom 
of the cell with a droplet of vacuum grease. The electrochemical was positioned so that the 
plane of the substrate was oriented parallel to the SECM scanning plane with a multi-axis tilt 
stage (Model 39, Newport, Irvine, CA). Most experiments involved holding the tip potential 
at a value of-1.0 V vs RHE while changing the tip position and substrate potential. Line 
scans were acquired at several tip-sample separations at a tip scan rate of 200 p.m s"1.. The 
SECM tips were fabricated with 25 p.m diameter gold wires (Goodfellow, Berwyn, PA) 
sealed in glass using a technique similar to that described in the literature and can be found in 
our previous work (Chapters 3 and 4). 
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5.4 Results and Discussion 
5.4.1 Gel-Transfer Technique 
In the gel-transfer technique, a concentration gradient of precursor metal salts is 
created by controlled diffusion of one or more components into a swollen polymer gel that 
coats an electrically conducting substrate. Specifically, a binary composition gradient is 
produced by diffusion of a solution containing the salt of a second metal (Nn2+) into a gel 
containing a uniform concentration of a salt of the first metal (Mnl+) in its matrix (Scheme 
5.1). Diffusion is carried out in a controlled humidity enclosure to prevent shrinkage of the 
gel. Following diffusion, the metal ions are electrochemically reduced onto the surface of a 
conductive substrate while the substrate is immersed in a conductive electrolyte. Removal of 
the gel leaves a composition gradient of the binary catalyst system MxNy on the substrate. 
5.4.2 PtxRuy Composition Gradient 
A binary PtxRuy composition gradient was constructed as a model system. An optical 
image of a typical gel construction depicts an aqueous solution of RuCh diffusing into a 3 % 
agarose gel that was previously loaded with F^PtCU (Figure 5.1). The RuClj solution is 
injected from a small glass capillary positioned at the center of a rectangular section of gel. 
Diffusion is allowed to proceed for a period sufficient to establish a spread of Ru3+ within the 
gel. Following the removal of the capillary tube, the gel assembly is immersed in a standard 
three-electrode electrochemical cell, and the gradient in Ru3+ and Pt4+ precursor salts in the 
gel are electrochemically reduced to metal on the electrode surface. The gel is subsequently 
removed to leave the metal deposit on the substrate. Notably, this fabrication method can be 
performed with any combination of precursor metal salts as long as they are 
electrochemically reducible and water soluble. 
In the present work, a 3 % agarose gel containing 1 mM H2PtCl6 and 0.1 M Na2S04 
in the matrix was first deposited on an ITO substrate. A glass capillary (i.d. = 0.84 mm) filled 
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with a solution containing 50 mM RuCls and 0.1 M Na^SO^ pierced the center of the gel. 
RuCIs diffused into the gel, creating a concentration gradient of Ru3+. The time of diffusion 
was 60 min in this study. The substrate was then immersed in a solution of 0.1 M NazSO.,, 
and a square wave potential program with potential limits of 0 V and -1.5 V vs. Hg/HgzSC^ 
and a frequency of 100 Hz was applied for 5 min. This resulted in the reduction of the metal 
ions on the ITO surface forming a co-deposited PtxRuy catalyst gradient. The agarose gel was 
removed subsequently by dissolving it in a boiling water bath, leaving behind the metal 
deposit on the substrate. 
Figure 5.2 a shows a PtxRuy gradient (sample #1) formed on an ITO substrate using 
this gel-transfer technique. Scanning electron micrographs (Figures 5.2 b and 5.2 c) of a 
representative region on the surface illustrates the high resolution sample structure. A banded 
pattern can be seen at these magnifications, which arises from a predeposited photoresist 
mask. The ITO substrate was initially patterned to expose a series of bands of ~ 30 pm width 
separated by ~ 10 gm wide photoresist bands. Photolithographic patterning was similar to 
that described in Chapter 4 with the difference being the use of a higher resolution mask 
(Ronchi slide, Edmund Industrial Optics, Harrington, NJ). This mask produced a pattern of 
30 |am thick catalyst bands separated with a spacing of 10 gm. The photoresist was removed 
subsequently after catalyst deposition to provide isolated zones of catalyst along the 
composition gradient which was necessary in order to prevent any cross-communication via 
surface diffusion between various catalyst domains. Atomic force microscopy reveals a 
uniform particle size distribution with an average diameter of ~ 30 nm (Figure 5.2 d). 
Notably, the particle sizes obtained using the gel-transfer deposition are almost an order of 
magnitude smaller than the Pt-Ru catalysts prepared by electrodeposition without the gel (the 
average particle size obtained in the Pt-Ru catalysts in Chapter 4 was ~ 200 nm). 
In this work, reactivity mapping was combined with surface compositional analysis to 
deduce the composition dependence of catalytic activity. The composition of the PtxRuy 
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gradient, as determined using energy dispersive x-ray spectroscopy (EDS), is depicted in 
Figure 5.3. The sample possesses a continuous variation in Ru content down the length of the 
gradient. The composition profile exhibits a Gaussian shape, which is consistent with the 
dispersion of solute from a point source in a semi-infinite slab of gel as shown in the 
calculations below. For this, consider radial dispersion of a solute in the gel from a point 
source [277]. 
dt r dr dr 
where C is the concentration of the solute in the gel at time t and radial position r, Er is the 
dispersion coefficient and r = 0 corresponds to the position where the RuClg solution is 
introduced. The initial and boundary conditions for this problem are: 
(i) at t < 0 and all r : C = 0 
(ii) at t > 0 and r = 0: C = C° (point of injection of RuCb) 
(iii) at t > 0 and r = R0: dC/dr = 0 (2*R<, = length of the gel) 
Solving the above set of equations, the concentration of RuCIs inside the gel can be given by 
the following equation: 
C = C' 1 - 2T exp(-^_) (2) 
where Jo(x) and J,(x) are Bessel functions of order 0 and 1 respectively, and a„ are the 
solutions to the equation: 
•A) ) - 0 (3) 
Figure 5.4 shows a qualitative distribution profile of the concentration of RUC13 as a function 
of the radial position. A normal distribution profile with the highest concentration at the 
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injection point can be observed. This observation agrees with the surface composition 
distribution profile of Ru after deposition (Figure 5.3). 
The highest Ru composition achieved in this sample is 95 % at the center (~11 mm), 
while pure Pt appears at the edges (2 mm and 19 mm). The composition spread of the 
catalyst samples can be varied by changing one or more of the processing parameters 
including the metal salt concentrations, gel composition (strength) and diffusion times. 
Figure 5.5 shows the composition distribution of a PtxRuy sample (sample # 2) prepared 
using the gel transfer method similar to the previous sample with metal salt concentrations of 
1 mM HzPtClô and 20 mM RuCl]. The diffusion time was 60 min and the gel strength was 3 
% agarose. The sample possesses a Gaussian variation in Ru compositon (as expected during 
the gel-transfer deposition). However, the highest Ru composition achieved in this sample is 
~ 40 % which is a result of using a lower Ru3+ concentration in the gel. Thus, the relative 
concentration of the metal ions in the gel influences the final catalyst composition in the 
gradient. The deposition kinetics of different metals also influences the surface 
concentration. For example, as observed in the platinum-ruthenium system (from this chapter 
as well as from Chapter 4), platinum has rapid deposition kinetics and forms Pt-enriched 
deposits with Ru [125]. This is the reason for the use of 50 times excess of Ru3+ in the 
present work to obtain a complete binary spread. Another limitation with the gel-transfer 
deposition is that this method can only be applied to metals that can be electrodeposited from 
their aqueous salt solutions. 
Measurement of the activity of the PtxRuy sample toward the hydrogen oxidation 
reaction was performed using the SECM. As explained in previous chapters, the ability to 
spatially control the SECM probe tip over a catalyst surface makes it an excellent tool for 
screening measurements in combinatorial discovery of heterogeneous catalysts. Scanning the 
tip in close proximity to the substrate surface using the HVH2 probe as the tip reaction 
provides information about the local catalytic activity of the substrate for the hydrogen 
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oxidation reaction. The spatial resolution of this technique is also particularly appealing for 
combinatorial studies. On a gradient sample such as the one described here, the SECM 
reactivity mapping provides a potential spatial resolution that can discriminate between 
domains on the order of the tip size (Chapter 5 and [247]). Thus, for a 1-inch sample and a 25 
|im diameter tip, a single line scan at a tip-substrate separation can distinguish between 
(22500 gm / 55 pm =) 410 different catalyst compositions (from Chapter 2, the estimated 
spatial resolution for this tip substrate separation is 55 pm). This information density can 
further be increased by using smaller tips and scanning over a two-dimensional sample. 
Scanning the SECM tip close to the substrate with H+/H2 as the probe reaction 
provides information about the catalytic activity of the substrate for the hydrogen oxidation 
reaction as a function of position. For example, Figure 5.6 a shows a line scan acquired with 
the SECM across the PtxRuy gradient (sample # 1) at a tip-substrate separation of 10 gm in a 
solution containing 0.01 M H2SO4 / 0.1 M Na2S04 with the substrate at a substrate potential 
of 0.1 V vs. RHE. The magnitude of the tip current depicts the rate of hydrogen oxidation 
reaction. A substrate with high reactivity (and hence a high reaction rate) towards hydrogen 
oxidation would result in a high tip current whereas a substrate with low reactivity shows low 
tip current. From the line scan depicted in Figure 5.6 a, the change in the tip current as a 
function of distance along the substrate can be noted. The ITO substrate, which is 
catalytically inactive towards the hydrogen oxidation reaction, exhibits pure negative 
feedback response at positions < 2 mm and > 19 mm. A variation in hydrogen oxidation rate 
can be observed at distances between 2 mm and 19 mm. The tip was scanned well beyond the 
catalyst deposited region on either end onto the bare ITO regions. The ITO regions exhibited 
pure negative feedback as they are catalytically inactive towards the hydrogen oxidation 
reaction. This facilitates in identifying the start and end of the catalyst deposited region as 
"seen" by the UME tip, which in turn provides an absolute indexing of the various catalyst 
compositions as a function of distance, and hence a one to one correspondence with the 
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composition data measured ex situ. The Pt-rich regions exhibit a high tip current, indicating a 
high reactivity towards hydrogen oxidation. The tip current decreases with increasing Ru and 
reaches a minimum at ~ 11 mm which corresponds to the region with maximum Ru content. 
This observation is consistent with the fact that Ru has very low reactivity for hydrogen 
oxidation reaction [106] (also observed in Chapter 4). 
Figure 5.6 b shows the variation of rate constant for hydrogen oxidation as a function 
of Ru composition for the PtxRuy system. The reaction rate for various locations along the 
gradient is determined by fitting SECM line scan depicted in Figure 5.6a with the theoretical 
working curves available in literature that was presented in Chapter 2. At compositions of Ru 
< 20 %, the reactivity is very high. In fact, the measured rate constant for these compositions 
reached the diffusion-limited value detectable by the SECM in the current configuration, 
which is in excess of 1 cm s"1. As the Ru content increases above 20 %, a near-linear 
decrease in the reactivity can be observed. The rate constant decreases by more than an order 
of magnitude at highest Ru content compared to Pure Pt. This drop in activity is a 
consequence of the low intrinsic activity of Ru sites for hydrogen oxidation. 
A reactivity map was constructed to elucidate the effect of CO poisoning on hydrogen 
oxidation kinetics as a function of Ru composition and electrode potential. This was achieved 
by performing SECM scans over the gradient sample at several different substrate potentials 
while holding the tip-substrate separation at a constant value. CO was adsorbed onto the 
substrate by holding the potential at 0.05 V vs. RHE in a CO saturated solution of 0.01 M 
H2SO4 / 0.1 M Na2S04 for ~ 10 minutes. SECM line scans were acquired by stepping the 
substrate potential to positive values. Figure 5.7 a shows the line scans obtained over CO-
coated PtxRuy gradient samples at a tip-substrate separation of 10 gm and several substrate 
potentials with the HVH2 probe. These line scan data can be combined to create a reactivity 
map. Figure 5.7 b shows the reactivity map for the PtxRuy sample in the presence of adsorbed 
CO derived from Figure 5.7 a. The image intensity is proportional to the hydrogen oxidation 
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rate, whereas the position reflects the composition and applied potential. The tip was scanned 
well beyond the catalyst region and onto the bare ITO regions. The ITO regions exhibited a 
pure negative feedback as they are catalytically inactive toward the hydrogen oxidation 
reaction. This facilitates identifying the edges of the catalyst region as seen by the SECM tip, 
which in turn provides an absolute indexing of the various catalyst compositions as a 
function of distance, and hence, a one-to-one correspondence with the composition data 
measured by EDS. 
At potentials below 0.3 V, the tip current is uniform and small, indicating a low 
hydrogen oxidation rate. Under these conditions, the entire PtxRuy surface is covered with 
CO, which blocks surface sites required for hydrogen oxidation. Increasing the substrate 
potential above 0.3 V results in an increase in tip current at select regions of the surface. 
Increased activity over the background value is first observed at locations of 10 and 12 mm, 
which represent ~ 80 % Ru. This activity represents the oxidation of hydrogen through 
partially covered CO-layer on the surface, i.e, enough CO-free sites are created on the 
surface to oxidize hydrogen (as discussed in Chapter 4). However, this composition has a 
very low intrinsic hydrogen oxidation rate as a result of the high Ru content. As the potential 
is increased to more positive values, additional active zones appear. In particular, two high 
current zones emerge at positions of 7 mm and 15 mm at a potential of 0.35 V. These 
positions reflect the most active catalyst compositions. At increasingly positive potentials, 
the active zones increase in size, which reflects the onset of activity at additional composition 
values along the gradient. The image appears symmetric about the center, because the PtxRuy 
composition profile is replicated between the left and right sides of the sample. 
At sufficiently positive electrode potentials, CO is completely oxidized, and the entire 
surface is free of adsorbed CO. This is illustrated by the response at 0.65 V. At this potential, 
the tip current reflects the intrinsic hydrogen oxidation activity of the surface in the absence 
of adsorbed CO. At this potential, the ITO region, which does not catalyze the hydrogen 
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oxidation reaction, exhibits a small tip current at positions < 2 mm and > 19 mm. The Pt-rich 
regions exhibit a high tip current, indicating a high activity toward hydrogen oxidation. The 
tip current decreases with increasing Ru and reaches a minimum at ~ 11 mm, which 
corresponds to the region with maximum Ru content. These observations are consistent with 
the high activity of Pt and the low activity of Ru for hydrogen oxidation [106]. In addition, 
the formation of ruthenium oxides is illustrated by the decrease in activity with increasing 
potential for the high Ru content regions near the image center. The turn-on of activity 
observed in Figure 5.7 coincides with the onset of CO oxidation, which frees surface sites for 
hydrogen oxidation. Relatively few CO-free sites are required to provide substantial 
hydrogen oxidation rates. Therefore, an increase in the hydrogen oxidation rate coincides 
with the onset of CO oxidation rather than the complete removal of the adsorbed monolayer 
(as already discussed in Chapter 4). 
The influence of adsorbed CO on the catalyst activity is summarized in Figure 5.8. In 
this figure, the potential dependent line scans in Figure 5.7 are converted into onset potential 
values. The onset potential was taken as the electrode potential at which the tip current 
reached at least 50 % of the value in the absence of adsorbed CO. This was used to indicate 
when the surface converted from one deactivated by adsorbed CO to one with sufficient free 
sites to oxidize hydrogen at near-CO-free conditions. A clear variation in onset potential is 
noted as a function of Ru content. The composition range of 20 % < Ru < 50 % exhibits the 
lowest onset potential. 
The optimal fuel cell catalyst in this system is the one that possesses high activity for 
hydrogen oxidation as well as the ability to remove CO at low potentials. In other words, the 
catalyst possessing the combination of a high rate constant for hydrogen oxidation and a low 
onset potential for CO oxidation should be the optimum for this reaction. Thus, the optimal 
composition range from these results gives PtxRuy catalysts in the range 20 % < Ru < 30 %. 
This composition range exhibits superior performance compared to others in this binary 
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composition spread. These results are consistent with prior work involving the sampling of 
discrete [106] or array-type (Chapter 4) Pt-Ru catalysts for hydrogen oxidation. However, it 
has to be noted here that the present study reveals lower onset potentials as well as lower 
ruthenium composition range than the above-mentioned studies. This might be due to the 
smaller particles sizes obtained in this work compared to the previous studies or surface 
enrichment of Pt in the present sample. Also, in our study, CO was present only on the 
surface of the electrode and not in the solution. The onset potentials will shift to positive 
values in the presence of CO in solution. Also, even though Figure 5.7 indicates that CO 
oxidation commences at the lowest potentials for Ru compositions near 80 %, this is a less 
desirable composition because of the low activity for hydrogen oxidation. 
5.5 Conclusions 
In this chapter, a novel method for combinatorial library (gradient) synthesis based on 
a gel-transfer deposition technique was demonstrated. The gel-transfer deposition method 
provides a simple way to controllably construct highly dense gradient samples. Sample 
preparation by this method is simple and fast in that it does not involve a large number of 
physical masking-and-deposition steps or complex missing and delivery techniques. When 
combined with the reactivity mapping capabilities of the SECM, this represents a unique tool 
for the discovery of fuel cell catalysts and possibly other combinatorial studies. 
A Pt-Ru catalyst composition gradient was created on an ITO substrate using this 
method and its reactivity was screened using the SECM towards hydrogen oxidation in the 
presence of CO. Reactivity map of the Pt-Ru binary catalyst system was constructed from the 
SECM screening measurements. An optimum composition range of 20 % < Ru < 30 % was 
identified by combining the rate constant data with the CO-poison tolerance data. These 
results correspond to the anode catalysts that can be used in fuel cells using hydrogen from 
reofrmate hydrogen as fuel. The catalyst composition employed in state-of-the-art 
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commercial fuel cells operating with reformate hydrogen is a 50:50 Pt-Ru alloy [12]. Our 
study suggests that a lower Ru surface composition is required to create sufficient free Pt 
sites for hydrogen oxidation. The improvement in poison tolerance with a lower amount of 
Ru would result in lowering the loading of Pt-Ru catalyst in PEMFCs and hence bring down 
the cost of fuel cell power. 
An advantage of this gel-transfer technique is that the extent of the spread of the 
composition gradient can be controlled by controlling various parameters such as metal salt 
concentrations, strength of the gel, time of diffusion etc. This method can be extended to 
create higher order catalyst libraries (e.g., ternary gradient library) to study their activity 
towards fuel cell electrooxidation reactions to discover highly active catalyst compositions. 
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SCHEME 5.1: Schematic of Gradient Fabrication by Gel-Transfer Technique. The 
Catalyst Gradient is Constructed by Controlled Diffusion of Component N from a 
Capillary into a Gel Containing Component M. Electrodeposition Through a 
Photoresist Mask Replicates the Diffusion Gradient as Reduced Metal on the Electrode 
Substrate. 
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Nn2+ 
Gel with 
Patterned Mm+ jn the 
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Figure 5.1 Optical images of gel-transfer deposition, (a) Image showing a layer of 
swollen gel containing a precursor of the first metal ion (Mnl+ = Pt4+) with a glass capillary 
piercing the center of the gel to provide a source for diffusion of the second metal ion (Nn2+ = 
Ru3+). (b) Top view of fully developed Ru3+ gradient (black) in Pt4+ containing gel (clear). 
The metal ions are subsequently deposited on the surface by electrochemical reduction from 
the gel. 
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Figure 5.2 Images of PtxRuy composition gradient, (a) Optical micrograph of the PtxRuy 
surface gradient. The dashed box reflects the substrate region where subsequent 
measurements were performed. (b,c) Scanning electron micrographs of the sample at two 
magnifications showing the banded structure of the catalyst sample. The white regions 
correspond to that of catalyst deposit, and the darker regions correspond to the bare ITO 
substrate, (d) Atomic force microscope image of the catalyst particles. 
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Figure 5.3 Composition map of the PtxRuy gradient (Sample # 1) as a function of 
distance along the surface as determined by x-ray energy dispersive spectroscopy (EDS). 
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Figure 5.4 Concentration of R11CI3 inside the gel as a function of radial distance. C0 is the 
concentration of RuCls introduced at the center and 2*Ro is the length of the gel on the 
substrate. 
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Figure 5.5 Composition map of PtxRuy gradient (Sample # 2) along the surface as 
determined by x-ray EDS. 
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Figure 5.6 (a) SECM line scan across the PtxRuy gradient at a tip-substrate separation of 
10 |im and a scan rate of 100 |im s"1 in a nitrogen purged solution of 0.01 M H2SO4 / 0.1 M 
Na2SC>4. The tip potential is held constant at -1.0 V vs. RHE. The substrate potential is held 
at 0.1 V vs. RHE. The substrate was positioned parallel to the SECM scanning plane using a 
multi-axis tilt stage prior to the line scan experiments, (b) Rate constant for the hydrogen 
oxidation reaction as a function of ruthenium composition for the PtxRuy gradient sample. 
The figure was constructed by determining values of the rate constants by fitting a theoretical 
model at several points to the line scan depicted in Figure 5.5a and then combining the rate 
constant data with the composition versus distance data. The dashed line is the diffusion-
limited rate constant detectable by the SECM tip. The solid line is a linear fit to the data as a 
guide to the eye showing the decrease in the rate constant with increasing ruthenium content. 
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Figure 5.7 (a) SECM line scans over CO-coated PtxRuy gradient (Sample # 1) at a tip-
substrate separation of 10 |im and several substrate potentials in a nitrogen purged solution of 
0.01 M H2SO4 / 0.1 M Na2S04: . The tip potential is held constant at -1.0 V vs. RHE. CO 
was adsorbed from a CO saturated solution of 0.01 M H2SO4 / 0.1 M NaiS04 by holding the 
substrate potential at 0.05 V vs. RHE for 10 minutes followed by removal of CO from 
solution by purging nitrogen. The substrate potential was stepped to the desired value and the 
SECM line scan was acquired two minutes after stepping. Each curve is offset vertically by 
0.1 |iA for clarity, (b) SECM reactivity map of the CO-coated PtxRuy gradient. This image 
was constructed by combining the SECM line scan data (Figure 5.6 a) acquired at several 
different substrate potentials. 
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Figure 5.8 Onset potential as a function of ruthenium composition. The onset potential 
was defined as the potential at which the tip current is at least 50 % of the value in the 
absence of adsorbed CO on the catalyst at a given tip-substrate separation. This data is 
derived by comparing the tip current versus potential from Figure 5.6a to that of Figure 5.5a. 
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Chapter 6. Synthesis of Multicomponent PtxRuyRhz Catalyst 
Library by Gel-Transfer Electrodeposition and its Reactivity 
Screening towards Fuel Cell Electrooxidation Reactions 
A manuscript to be submitted for publication in special "Combinatorial Methods" issue of 
Measurement Science and Technology 
Shrisudersan Jayaraman and Andrew C. Hillier 
6.1 Summary 
This chapter describes an extension of the gel-transfer electrodeposition (Chapter 5) 
to synthesize ternary catalyst libraries for combinatorial catalyst discovery. A platinum-
ruthenium-rhodium (PtxRuyRhz) catalyst library was constructed and its reactivity towards 
several fuel cell electrooxidation reactions was evaluated using an optical screening 
technique. A pH-sensitive fluorescent probe (quinine) was used to map the reactivity of the 
samples by detecting proton evolution during the oxidation of methanol, ethanol, % and CO. 
The catalyst regions that exhibited fluorescence (and hence the onset of activity) at lowest 
potentials were identified for each of the above reactions. 
6.2 Introduction 
Methanol, ethanol and a variety of other liquid organics are being investigated as 
potential anodic fuel for PEMFCs. Methanol and ethanol have low theoretical oxidation 
potentials resulting in overall cell potentials comparable to hydrogen fuel cells; the 
theoretical cell voltages of methanol and ethanol fuel cells are 1.20 and 1.15 V respectively 
(hydrogen fuel cell has a theoretical cell voltage of 1.23 V). However, high overpotentials for 
these reactions are preventing these fuels from being used in practical fuel cell applications. 
This is due to the presence of catalyst poisons such as -CO, -COH, -COOH, etc. formed as 
partial oxidation products during the oxidation of alcohols (Chapter 2). 
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A requirement for electrooxidation catalysts is their ability to activate C-H and C-C 
bonds (to activate the oxidation of the alcohols) in addition to removing the deactivating 
partial oxidation products. Platinum is the best single-component catalyst known to activate 
C-H and C-C bonds in acid environment present in PEMFCs[l], However, a variety of 
multicomponent catalysts have been shown to have enhanced activity [1-9]. Also, the 
problem of catalyst poisoning increases the overpotential for the oxidation of alcohols when 
Pt is used as the catalyst. As discussed in chapter 2, the activity of platinum can be improved 
by the addition of oxophilic metals such as ruthenium, rhodium, molybdenum, tin, etc. that 
can form surface oxides at lower potentials and hence remove the catalyst poisons 
oxidatively. Thus, considerable effort has been expended to identify more active, 
multicomponent catalysts for these reactions. 
The ability to create gradient catalyst library using the gel-transfer was established in 
Chapter 5. This method let us study the reactivity of the entire platinum-ruthenium binary 
system on a single sample using the SECM. The next step is to create a higher order catalyst 
system in search of highly active catalyst compositions towards the fuel cell electrooxidation 
reactions. The platinum-ruthenium-rhodium ternary catalyst system was chosen to 
demonstrate the capability of gel-transfer method in creating two-dimensional catalyst 
libraries and screen their reactivity to identify highly active compositions as well as to 
establish trends in reactivity as a function of catalyst composition. As discussed in Chapter 2, 
ruthenium and rhodium can dissociate water and form surface oxides at low potentials to 
improve tolerance towards catalyst poisons. Although the reactivity of platinum-ruthenium 
system for the fuel cell electrooxidation reactions have been studied extensively by many 
research groups [10-18], very little literature is available on the addition of rhodium to 
improve the catalyst performance [2, 19-21], Also, due to the ease of electrodeposition 
(which is a requirement for gel-transfer electrodeposition), we chose to explore the effect of 
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rhodium on the enhancement of catalyst activity towards fuel cell electrooxidation reactions 
in the search for highly active catalyst. 
SECM was used to screen the reactivity of one-dimensional catalyst libaries 
(Chapters 3-5). However, for a large two-dimensional library, reactivity mapping with SECM 
becomes impractical due to its serial screening nature. For example, for a 15 mm x 15 mm 
library, the time required to construct a complete reactivity map is ~ 1000 hrs. Hence, a 
highly parallel and rapid screening tool is necessary to evaluate two dimensional catalyst 
libraries. Mallouk et al developed an optical screening method based on the detection of local 
change in pH during the fuel cell electrooxidation reactions [2] to screen large catalyst 
libraries. We employ this method in this work to evaluate the performance of platinum-
ruthenium-rhodium ternary catalyst library. 
In this chapter, we extend the capability of gel-transfer method to create ternary 
platinum-ruthenium-rhodium gradient library and screen its reactivity towards fuel cell 
electrooxidation reactions, namely, hydrogen, CO, methanol and ethanol oxidation to find the 
catalyst compositions with lowest overpotential towards these reactions. The protons evolved 
during these reactions were locally detected using quinine as the pH probe. The onset of 
activity in the ternary catalyst library was indirectly measured and the active regions were 
identified. The trends in reactivity of the ternary system with respect to the above reactions as 
a function of catalyst composition are established and possible causes for the enhancement in 
activity due to the addition of ruthenium and rhodium to platinum are provided. 
6.3 Experimental Section 
6.3.1 Materials 
All experiments were performed in deionized water (18 MO, E-Pure, Bamstead, 
Dubuque, IA). The precursor metal salts used for the deposition of Pt, Ru, and Rh were 
chloroplatinic acid (H2PtCl6), ruthenium chloride (RUC13), (Strem Chemicals, Newburyport, 
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MA) and rhodium chloride (RJ1CI3) (Alfa Aesar, Ward Hill, MA) respectively. 
Electrochemical experiments were performed in solutions containing methanol and ethanol 
(Aldrich, Milwaukee, WI) with sodium sulfate (NazSO^ as the supporting electrolyte. 6-
Methoxy-a-(5-vinyl-quinuclidinyl)-4-quinolinemethanol (Quinine) (Alfa Aesar, Ward Hill, 
MA), which was used as fluorescent probe in this study, was dissolved at a concentration of 1 
mM in the electrolyte solution as-received. For the hydrogen and CO oxidation studies, a 
solution containing 1 mM quinine / 0.1 M Na^SO^ was saturated with H2 and CO 
respectively by bubbling the gases into the solution for ~ 5 minutes. Ultra-pure low melting 
point agarose (Invitrogen Life Technologies, Carlsbad, California) was used as-received to 
prepare gels described in this study. Indium-tin oxide (ITO) coated glass slides (Delta 
Technologies, Stillwater, MN) with Rs = 30 £1 inch"1 were used as substrates in this study. A 
platinum-iridium wire was used as counter electrode and a Hg/Hg^SO^ electrode was used as 
reference electrode during the electrochemical experiments. All the potentials reported in this 
manuscript are converted to the reference hydrogen electrode (RHE) scale. 
6.3.2 Setup for Fluorescence Experiments 
The electrochemical cell used for fluorescence experiments was made from Teflon 
with a cell volume of 15 mL and contained slots for counter and reference electrodes that 
could be pressure-fit with Teflon tape. The substrate electrode was placed at the bottom of 
the cell with the catalyst surface facing upwards and held in place with a drop of vacuum 
grease. A high-resolution CCD camera (Sanyo, Model # VCC 3972) equipped with a zoom 
lens (Zoom 7000, Navitar, Japan) was positioned perpendicular to the plane of the electrode 
surface to capture optical images. The CCD camera was connected to a personal computer 
through Studio DC 10 plus video capture board. Images were captured using commercially 
available software, Studio 8 (Pinnacle Systems Inc., Mountain View, California). A 
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bipotentiostat (Model AFRDE 5, Pine Instrument Company, Grove City, PA) was used to 
control the potential of the substrate electrode. 
6.3.3 X-ray Energy Dispersive Spectroscopy (EDS) 
Bulk compositional analysis of the PtxRuyRhz catalyst gradient was performed using a 
JEOL 840 A SEM equipped with a X-ray detector (IXRF Systems "Iridium" EDS system) 
for energy dispersive spectroscopy analysis. An accelerating voltage of 10 kV was used in all 
the EDS experiments. A double-sided copper adhesive tape was used to provide electrical 
contact between the substrate and sample mount in order to prevent charging effects. The Pt 
Ma peak at 2.055 keV, Ru La peak at 2.555 keV and Rh La peak at 2.695 keV were used 
during the quantitative analysis to determine the bulk composition of the catalyst samples. 
6.4 Results and Discussion 
6.4.1 Platinum-Ruthenium-Rhodium (PtxRuyRhz) Gradient 
In the previous chapter, we demonstrated a method to create surface composition 
gradients for combinatorial catalyst discovery based on a "gel-transfer" technique. In this 
work, we extend this method to create ternary catalyst gradients and characterize them 
towards fuel cell electrooxidation reactions. To create a catalyst gradient in three 
components, a concentration gradient of the precursor metal salts is first created within a 
swollen polymer gel. A thin layer (~ 3 mm) of 4 % agarose gel is deposited on a patterned 
ITO substrate. Glass capillaries are pierced through the gel at the three vertices of a triangle 
and solutions of the metal salts introduced through them (Scheme 6.1). The metal salts are 
allowed to diffuse into the gel for several hours which creates a concentration gradient of the 
metal salts. The gel is then cut in the shape of a triangle and the metal ions are subsequently 
reduced on the surface of the ITO substrate by applying a pulsed potential program (vide 
infra). The gel is removed following the metal deposition by dissolving it in a boiling water 
bath. Finally, the photoresist pattern is removed by immersing the substrate in photoresist 
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remover solution followed by thorough rinsing in water. This leaves a triangle-shaped three-
component metal catalyst gradient on the ITO substrate. 
Figure 6.1a shows an optical image of a concentration gradient of Pt4+ / Ru3+ / Rh3+ 
ions in agarose gel. The concentrations of the metal salts (HzPtClg, RuClg and RhCl3) 
introduced into the capillaries are all 50 mM. A concentration gradient of RuCl] can be 
visually seen as it is black colored. Visualization of the HiPtClg and RJ1CI3 gradients is more 
difficult as they are light-colored solutions (yellow and orange respectively). The 
concentration gradient of Pt4+ / Ru3+ / Rh3+ ions in the gel is transferred on to the electrode 
substrate as a surface composition gradient by electrochemical reduction of the metal ions. 
This was achieved by immersing the substrate in a 0.1 M Na%S04 solution while a pulsed 
potential program with a square wave having potential limits of 0 V and -1.5 V vs. Hg / 
Hg2S04 and a frequency of 100 Hz was applied for 5 min. This resulted in the reduction of 
the metal ions and formation of a co-deposited PtxRuyRhz composition gradient on the ITO 
substrate. The gel was removed by dissolving it in a boiling water bath and the residual 
photoresist was removed using a photoresist remover solution. Figure 6.1b shows an optical 
micrograph of the PtxRuyRhz surface composition gradient formed on an ITO substrate. The 
sample consisted of 150 |im x 150 pm catalyst spots with the distance between adjacent spots 
being 20 pm. The catalyst spots were separated to prevent surface diffusion of products 
between the adjacent catalyst compositions. Thus, we essentially created a surface 
composition gradient of distinct catalyst spots with gradually varying compositions from one 
corner of the triangle to another. Using the gel transfer method, this was achieved very 
quickly in a single step by parallel deposition from the gel. 
The composition of the PtxRuyRhz gradient was determined using x-ray energy 
dispersive spectroscopy (EDS). EDS measurements were performed at numerous points on 
the gradient and composition maps were constructed from these discrete data (Figure 6.2). 
The composition distributions of platinum, ruthenium and rhodium on the gradient are 
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shown. It can clearly be seen that the maximum composition of each of the metals are found 
at the injection points of each of the metal ions in the gel. Also, a nominally radial 
distribution profile of the compositions can be observed emerging from the corners, which is 
consistent with diffusion from a point source (Chapter 5). Thus, the concentration profile of 
the precursor metal salts in the gel is transferred to a composition gradient of the metals on 
the substrate. The relative concentration of the metal ions at each point in the gel influences 
the catalyst composition at that point on the surface. The relative distribution of the 
composition spread can be varied by changing various process parameters such as the gel-
strength, relative concentrations of the metal ions, diffusion time, etc. 
The reactivity of the PtxRuyRhz catalyst gradient was examined towards 
electrooxidation reactions of interest in fuel cells, namely, methanol, ethanol, hydrogen and 
carbon monoxide (CO) oxidation reactions. In order to accelerate the sample testing, an 
optical screening technique [2] was employed. During the electrooxidation of methanol, 
ethanol, hydrogen and CO, protons are released. 
CH3OH + H20 -> C02 + 6H+ + 6e" (1) 
C2H50H + 3H20->2C02 +12H+ +12e" (2) 
H2 —» 2H+ + 2e" (3) 
C0  +  H 2 0->C0 2  +2H +  +2e '  (4 )  
A pH-dependent fluorescence indicator (quinine) is used to detect the protons that are 
released during the reaction. Thus, by detecting protons released at each point on the 
gradient, the reactivity of the catalyst gradient towards the above electrooxidation reactions 
can be deduced. For example, catalyst regions showing activity for methanol oxidation will 
exhibit fluorescence above those spots on the gradient at that potential. The optical screening 
method is highly parallel and rapid compared to the SECM. For example, the screening 
experiments involving the measurement of activities as a function of substrate potentials take 
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about 1 hour for a 12 mm x 12 mm sample whereas similar SECM reactivity mapping 
experiments take several hundred hours (discussed in Chapter 2). 
Quinine exhibits pH-dependent fluorescence. In its unprotonated state (Scheme 6.2), 
quinine does not fluoresce. In its protonated form, quinine exhibits fluorescence; it absorbs 
ultraviolet light (-360 nm) and emits light in the visible region (~ 450 nm). Thus, the pH-
dependent fluorescence of protonated quinine can be exploited to detect the presence / 
absence of protons generated near an electrode surface. In other words, the reactivity of 
catalysts can be screened by adding quinine in the electrolyte and measuring the 
fluorescence. The effect of addition of quinine in the electrolyte on the catalysts is deduced 
by performing cyclic voltammetry on a platinum surface. 
Figure 6.3 a shows cyclic voltammogram of a polycrystalline Pt electrode in 0.5 M 
H2SO4. The two well-defined peaks and a broad background current in the regions 0 - 0.3 V 
reflect the hydrogen underpotential deposition (H-UPD) that occurs on the various crystal 
planes on a polycrystalline Pt surface [22]. The featureless region between 0.3 and 0.7 V 
corresponds to the double layer region of the clean metal surface. Platinum hydroxide and 
oxides are formed at higher potentials (> 0.8 V). During the negative sweep, the surface 
oxides are reduced followed by double layer region and the H-UPD (0.3 - 0 V) regions. 
Figure 6.3 b is the cyclic voltammogram of the Pt electrode in a solution containing 0.5 M 
H2SO4 and 1 mM quinine. Comparing this with Figure 6.3 a suggests that quinine partially 
adsorbs platinum sites to displace hydrogen. This is evident from the decrease in the area of 
the peaks in the potential region 0-0.3 V; the two peaks in this region in Figure 6.3 
correspond to underpotential deposition of hydrogen on Pt(100) and Pt(lll) surfaces [22]. 
The double layer region is essentially the same in both the figures. There is a decrease in the 
oxide formation and reduction currents in the case of the solution containing quinine which 
might be due to the adsorption of quinine on Pt(100) and Pt(lll) sites. Although quinine 
adsorbs on Pt sites with specific crystal orientations it does not completely cover the 
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platinum surface and deactivate it; hence, one should be able to qualitatively deduce the 
onset of activity for various electrooxidation reactions identified by optical screening. 
Notably, no redox reactions are observed for quinine in the potential region examined. 
To observe the effect of UV light on the electrochemistry of Pt electrode, cyclic 
voltammogram in a solution containing 0.5 M H2SO4 / 1 mM quinine was obtained while 
illuminating UV light (wavelength ~ 365 nm) on the electrode surface (Figure 6.3 c). The 
behavior was identical to that in the absence of UV light (Figure 6.3 b). Hence, exposure to 
UV light does not alter the electrochemistry of the Pt catalyst. 
Figure 6.4 shows the calibration plot of fluorescence intensity as a function of current 
during methanol oxidation. This plot relates the electrochemical current density during the 
oxidation of methanol to fluorescence intensity. This figure was obtained by performing 
fluorescence imaging on a Pt electrode in a 6 M methanol / 0.1 M NaaSCU / 1 mM quinine 
solution at several potentials while recording the corresponding oxidation currents. We can 
observe a near-linear increase in the fluorescence with the activity of the substrate. Hence the 
local intensity of fluorescence during optical screening measurements would reflect the 
extent of activity of the catalysts in a combinatorial library. 
Figure 6.5 shows a series of background-subtracted fluorescence images of the 
PtxRuyRhz gradient in a solution containing 6 M methanol (MeOH) / 1 mM quinine / 0.1 M 
Na2SC>4 obtained at several different substrate potentials. An ultraviolet light (wavelength ~ 
365 nm) illuminated the substrate and optical images of the substrate were captured using a 
color CCD camera while holding the substrate at various potentials. Images were obtained at 
substrate potentials between 0 V and 0.7 V vs. RHE. The substrate potential was stepped 
back to 0 V between successive steps to prevent interference of fluorescence between 
successive potential steps. It also should be noted that the diffusion of products during a 
given potential step dictates the resolution of this technique. The calculations for the 
resolution of the optical screening method were presented in section 2.4.2.2. The spatial 
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resolution calculated using an unsteady-diffusion model was ~ 500 |im calculated based on 
the time between the emergence of fluorescence and the capture of image as ~ 1 sec. 
From the background subtracted images, an evolving fluorescence (bright regions) 
can be observed as the potential of the substrate is increased. The local increase in intensity 
reflects the onset of methanol oxidation at various regions [2]. The onset of fluorescence 
occurs at the intermediate Pt-Ru regions of the composition spread at potentials as low as 
0.18 V (Figure 6.5 b). As the potential of the substrate is increased, additional active regions 
emerge. The active region spreads from a region with intermediate Pt-Ru content (left side of 
the triangle) towards the rhodium region with increasing potential (Figure 6.5 c, d, e). As the 
potential is increased to further positive values (Figure 6.5 g, h, i), activity spreads to higher 
Pt and Ru content regions. Notably, the regions with the highest ruthenium compositions (> 
70 %) do not show activity until the potential reaches 0.7 V. This is consistent with the fact 
that ruthenium by itself is not a good catalyst for methanol oxidation in an aqueous 
environment due to the lack of methanol adsorption on Ru [23]. Also, the highest platinum 
composition (~ 90 %) does not become active until ~ 0.40 V (Figure 6.5 i), which is at a 
much higher potential than the most active PtxRuyRhz regions possibly due to the poisoning 
of the Pt sites by the reaction intermediates. From Figure 6.5, it can be concluded that the 
catalyst compositions within the region possessing Pt ~ 30 %, Ru ~ 50 %, and Rh ~ 20 % 
show the lowest onset potential for methanol oxidation and also exhibit the highest methanol 
oxidation current (which is reflected by the fluorescence intensity). This improved activity as 
compared to pure platinum is possibly due to the synergistic effects of the three components 
in the catalyst. According to a proposed mechanism [3, 23], platinum activates the O-H and 
C-H bonds of methanol and also strongly adsorbs the reaction intermediates such as -CO, -
COH, etc. 
Pt + CHjOH -> Pt - (CHjOH)^ 
Pt - (CH,OHL -» Pt - (CH,0L + H+ + e" 
(5) 
(6) 
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Pt - (CH,OL Pt - (CH20)^ + H* + e- (7) 
MCH 2 OL->Pt- (CHOL+H*+e'  (8)  
Pt - (CHOL -> Pt - (COL + H* + e' (9) 
The second and third metals (M), which are oxophilic elements, dissociate water at lower 
potentials forming surface oxides. 
M + H20 -> M - (OH)ads + H+ + e' (10) 
These surface oxides react with the strongly adsorbed intermediates on Pt to free Pt sites for 
subsequent adsorption of more methanol molecules. 
Pt - (COL + M. (DHL Pt + M + C02 + H+ + e" (11) 
Pt - (COHL, + M - (OH)^ -> Pt + M + C02 + 2H+ + 2e" (12) 
The activity in the present system can be explained by the Afunctional mechanism wherein 
ruthenium, which is oxophilic, dissociates water at much lower potentials compared to 
platinum and thus enhances activity at lower potentials. Although Rh is less oxophilic than 
Ru (reflected by the lower M-0 bond energy of Rh (405.0 kcal mol"1) compared to Ru (528.4 
kcal mol"1)), it can also enhance the effect. Another possible explanation for improved 
activity in the multicomponent region is that Ru and Rh facilitate C-H bond breaking. Further 
fundamental studies such mass spectrometry with isotopic labeling are required to establish 
the roles of these metals towards these bond breaking mechanisms. 
Ethanol oxidation is another reaction of interest pertaining to the low-temperature 
fuel cells[l, 8, 24-26], We performed optical screening measurements on the PtxRuyRhz 
gradient towards electrooxidation of ethanol. Figure 6.6 shows background subtracted 
fluorescence images of the PtxRuyRhz gradient in a solution containing 6 M ethanol (EtOH) / 
1 mM quinine / 0.1 M NaiSC^ at several different substrate potentials. Regions on the 
substrate start showing activity at 0.2 V (Figure 6.6 c). These regions correspond to the 
catalyst composition with ruthenium content ~ 65 %. It has to be noted that ruthenium 
compositions are much higher than that observed for methanol oxidation. This trend is 
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consistent with that observed by a scanning differential mass spectral (SDEMS) study in 
which the author found a lower Ru composition (6 %) showing highest activity for methanol 
oxidation and a higher Ru composition (~ 22 %) showing highest activity for ethanol 
oxidation in the Pt-Ru binary system [27]. It was speculated that Ru helps breaking of the C-
C bond in ethanol as a result of which a region with high Ru content in the ternary shows the 
best activity. From the limited amount of literature available on multicomponent catalysts for 
ethanol oxidation, 1:1 Pt-Ru catalyst has been reported to have higher activity [26, 28] which 
is close to the composition observed in this study although the addition of Rh might have 
changed the optimum towards a higher Ru content. 
The reaction mechanism of ethanol electrooxidation has not been completely 
elucidated due to its increased complexity. The C-C bond in ethanol is first activated 
followed by the dehydrogenation steps [1, 8], The number of electrons transferred is high 
(ethanol oxidation is a 12 electron transfer reaction) with several adsorbed intermediates. The 
activation of C-C bonds is relatively difficult compared to the activation of C-H bond [8]. 
Moreover electrooxidation of ethanol occurs through different pathways on different catalyst 
surfaces [28]. Nevertheless, combinatorial screening helps in rapidly identifying catalysts 
with high activities towards the ethanol oxidation reaction. From Figure 6.6, it can be noted 
the regions with very high ruthenium content (~ 65 %) show activity earliest and this region 
spreads towards the rhodium-rich regions and then towards the platinum-rich region. In a 
manner similar to methanol oxidation, the active regions spread to higher Pt and Rh 
compositions with increasing potential. At 0.6 V (Figure 6.6 k) the entire composition 
gradient is uniformly active towards ethanol oxidation. 
The reactivity of the PtxRuyRhz gradient towards hydrogen and CO oxidation was 
also screened using the fluorescence probe. Figure 6.7a depicts the background subtracted 
fluorescence image of the PtxRuyRhz gradient in a ^-saturated solution of 1 mM quinine / 
0.1 M Na2SC>4 at a potential of 0 V vs. RHE. The platinum- and rhodium-rich regions of the 
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ternary show high activity towards hydrogen oxidation while the ruthenium-rich region 
exhibits low hydrogen oxidation activity. This is consistent with the results from Chapter 5 
where we observed low hydrogen oxidation activity on ruthenium-rich regions of the PtxRuy 
binary. The micrographs in Figure 6.7 show much less contrast compared to Figures 6.5 and 
6.6. This is due to low fluorescence signal as the concentration of protons evolved during the 
hydrogen and CO oxidation reactions is much lower compared to that evolved during the 
methanol and ethanol oxidation reactions. Also, from Figure 6.7a, the edges along the 
ruthenium-rich region seem to show activity for hydrogen oxidation. This might be due to an 
artifact during sample preparation possibly due to the cutting of portions of gel after diffusion 
of metal salts to create a triangular area. 
Figures 6.7 (b-1) reflect the background subtracted fluorescence images of the 
PtxRuyRhz gradient in a CO saturated solution of 1 raM quinine / 0.1 M NaiSOj at several 
substrate potentials. The entire substrate is inactive at low potentials. Catalyst regions with 
Ru composition between 20 and 40 % start showing activity at 0.34 V. The active regions 
spread from the Ru-rich region to the other regions of the ternary as the substrate potential is 
increased to higher positive values. The entire substrate shows activity at a potential of 0.6 V. 
Thus, the regions with ruthenium composition of 20 % < Ru < 40 % oxidize CO at much 
lower potentials than the remainder of the ternary gradient. This is consistent with the 
composition region identified in Chapter 5. 
The results of the present work are summarized in Figure 6.8, which depicts the 
images where fluorescence is observed first for the various reactions, viz, hydrogen, CO, 
methanol and ethanol oxidation on the PtxRuyRhz gradient. Fluorescence is represented by 
dark spots in these figures to enhance contrast. It can be clearly seen that different regions in 
the PtxRuyRhz ternary show higher activity for different reactions. Figure 6.9 a represents a 
combination of the four reactions and where they first activate on the ternary catalyst 
gradient. For a clearer interpretation, these results were fit in a true ternary diagram (Figure 
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6.9 b). It can be noted that a substantial compositional space of the Pt-Ru-Rh ternary was 
covered in this study. 
For hydrogen oxidation, the platinum- and rhodium-rich regions show activity as 
early as 0 V whereas the ruthenium-rich region is not active at this potential. The region 
showing lowest onset of CO oxidation includes the composition range of 30 % < Pt < 65 %, 
20% < Ru < 40% and 20 % < Rh < 35 %. This suggests that addition of Ru and Rh to Pt 
removes CO at much lower potentials. The enhanced activity might be due primarily to the 
presence of Ru or due to synergistic effect of Ru and Rh. 
The composition range exhibiting lowest onset potentials for methanol oxidation is: 
30 % < Pt < 60 %, 15 % < Ru < 40 % and 25 % < Rh < 55 %. The Ru composition range is 
consistent with that of [29] where the authors carried out scanning differential mass 
spectrometry studies on Pt-Ru electrodes. The authors observed appreciable methanol 
oxidation activity at potentials > 0.35 V while the optical screening experiments (on Pt-Ru-
Rh ternary) suggest onset of activities at much lower potentials (-0.22 V). It has to be noted 
that in this study we identified the onset potentials which indicate the beginning stages of 
methanol oxidation with a low rate of H+ production and did not quantify the reaction rate. 
Thus, addition of Rh to Pt-Ru system reduces the onset potentials considerably, which 
suggests that Rh can remove surface poisons in synergy with Ru. For ethanol oxidation, the 
active region shifts to the Ru-rich part of the ternary system with a wider compositional 
range: 25 % < Pt < 45 %, 45 < Ru < 65 % and 10 % < Rh < 40 %. Here, we observe a higher 
Ru content and slightly lower Rh content compared to methanol oxidation. This implies that 
increased Ru is needed to activate C-C bonds. 
6.5 Conclusions 
The gel-transfer method was successfully extended to create a ternary platinum-
ruthenium-rhodium catalyst library. The reactivity of this ternary system towards the 
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electrooxidation of methanol, ethanol, hydrogen and CO oxidation was studied using an 
optical screening technique based on the local detection of protons released during these 
reactions by a pH-dependent fluorescence indicator. For hydrogen oxidation, the platinum-
and rhodium-rich regions of the ternary showed activity at lowest potential (0 V) while the 
ruthenium-rich region was inactive at this potential. The following composition regions were 
identified as highly active for CO, methanol and ethanol oxidation reactions: 
• CO oxidation: 30 % < Pt < 65 %; 20 % < Ru < 40 %; 20 % < Rh < 35 % 
• Methanol oxidation: 30 % < Pt < 60 %; 15 % < Ru < 40 %; 25 % < Rh < 55 % 
• Ethanol oxidation: 25 % < Pt < 45 %; 45 % < Ru < 65 %; 10 % < Rh < 40 % 
The screening results suggest that as we go from CO oxidation to methanol and 
ethanol oxidation, the optimum Ru composition regions shift towards higher Ru content. This 
can be attributed to the fact that Ru removes CO (through the Afunctional mechanism) in 
addition to activating C-H and C-C bonds at lower potentials during methanol / ethanol 
oxidation. With respect to Rh, CO and ethanol oxidation reactions show a lower optimum 
composition compared to the methanol oxidation reaction. A possible explanation for this is 
that Rh can activate the C-H bond breaking better than Ru but not the C-C bond breaking. To 
establish the exact roles of Pt, Ru and Rh for the enhanced activity of the ternary catalyst 
towards activation of bonds (C-C, C-H, etc.) and poison tolerance during elctrooxidation 
reactions, further studies such as mass spectrometry, FTIR, etc. need to be performed. 
The onset potentials observed for methanol and ethanol oxidation (0.22 V) on the 
most active Pt-Ru-Rh are clearly much lower than those on platinum electrodes (from the 
screening results, the highest platinum compositions show onset for methanol and ethanol 
oxidation at potentials > 0.4 V). These onset potential values correspond to the initial stages 
of the oxidation reactions. A thorough investigation of the reactivity of the compositions 
identified here is necessary before the actual use of these catalysts in practical fuel cells. 
Performance studies including polarization behavior (current density vs. potential), loading 
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characteristics (catalyst loading vs. power density), stability of catalysts, etc. have to be 
performed, (discussed in Chapter 7). 
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SCHEME 6.1: Schematic of Multi-Component Catalyst Gradient Fabrication by Gel-
Transfer Method. Salts of the Metals A, B and C are Diffused into a Gel Shaped as a 
Triangle by Introducing the Salts through Glass Capillaries Pierced through the Gel at 
the Three Vertices of the Triangle. Concentration Gradient Created thus is then 
Transferred into a Composition Gradient by Electrodeposition. 
Gel 
Photoresist 
Catalyst 
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SCHEME 6.2: Structure of Quinine Fluorescent Probe unprotonated and protonated 
Forms. The Excitation Wavelength of Quinine is 360 nm and Emission Wavelength is 
450 nm. 
HO-
2 H+ 
-> 
pKa= 5.7 
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Figure 6.1 (a) Optical image of concentration gradient of Pt4+ / Ru3+ / Rh3+ in agarose 
gel. 50 mM solutions of the metal salts in 0.1 M Na^SO^ were introduced from the three 
vertices of the triangle-shaped gel. The vertices from which the three metal salts were 
introduced are labeled. The metal ions are subsequently deposited on the ITO surface by 
electrochemical reduction, (b) Optical micrograph of the PtxRuyRhz surface composition 
gradient. 
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Figure 6.2 Composition of the PtxRuyRhz gradient as a function of the distance in x and y 
directions: (a) Pt, (b) Ru and (c) Rh shown as contour maps. Compositions at several 
different points on the gradient surface were measured using x-ray energy dispersive 
spectroscopy (EDS) to construct these maps. 
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Figure 6.3 Cyclic voltammogram of a polycrystalline platinum electrode in: (a) 0.5 M 
H2SO4; (b) 0.5 M H2SO4 / 1 mM Quinine; and (c) 0.5 M H2SO4 / 1 mM Quinine with the 
electrode surface illuminated with UV light. 
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Figure 6.4 Fluorescence calibration data (Fluorescence intensity vs. Current). This figure 
was obtained by measuring the methanol oxidation current on a Pt-on-ITO electrode and 
obtaining the corresponding fluorescence images at several substrate potentials. The intensity 
was obtained from the background subtracted fluorescence images. The substrate current 
corresponds to the amount of protons released during the reaction. 
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Figure 6.5 Background subtracted fluorescence images of the PtxRuyRhz gradient at 
several substrate potentials in a solution containing 6 M MeOH / 1 mM Quinine / 0.1 M 
Na2S04: (a) 0 V (b) 0.18 V (c) 0.20 V (d) 0.22 V (e) 0.24 V (f) 0.26 V (g) 0.28 V (h) 0.30 V 
(i) 0.40 V (j) 0.50 V (k) 0.60 V and (1) 0.70 V. Each of these images was obtained by 
subtracting the image taken when no potential was applied to the substrate (absence of 
fluorescence at all points on the gradient). 
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Figure 6.6 Background subtracted fluorescence images of the PtxRuyRhz gradient at 
several substrate potentials in a solution containing 6 M EtOH / 1 mM Quinine / 0.1 M 
NazSCk: (a) 0 V (b) 0.18 V (c) 0.20 V (d) 0.22 V (e) 0.24 V (f) 0.28 V (g) 0.32 V (h) 0.34 V 
(i) 0.36 V G) 0.40 V (k) 0.50 V and (1) 0.60 V. 
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Figure 6.7 Background subtracted fluorescence images of the PtxRuyRhz gradient in 1 
mM Quinine / 0.1 M NaiSC^ solution saturated with (a) Ha and (b-1) CO at several substrate 
potentials, (a) 0 V (b) 0 V (c) 0.26 V (d) 0.32 V (e) 0.34 V (f) 0.38 V (g) 0.40 V (h) 0.44 V 
(i) 0.48 V G)  0.50 V (k) 0.60 V and (1) 0.70 V 
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Figure 6.8 Summary of the onset potential for the various electrooxidation reactions on 
the PtxRuyRhz gradient, (a) Optical image of the gradient. Background subtracted 
fluorescence images of the gradient for (b) H2 oxidation at 0 V (c) CO oxidation at 0.38 V, 
(d) methanol oxidation at 0.22 V and (e) ethanol oxidation at 0.22 V. The background 
subtracted images from previous figures were converted to black and white (as opposed to 
grey scale) to enhance the contrast. The black spots in these images represent the active spots 
on the gradient. 
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Figure 6.9 Summary of results of the current work. Regions of the PtxRuyRhz showing 
lowest onset potentials for CO, methanol and ethanol oxidation reactions, (a) As seen on 
the sample and (b) corresponding regions plotted in a true ternary plot, (c, d, e) Contour maps 
of the composition distribution of Pt, Ru and Rh on the gradient surface. 
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Chapter 7. Conclusions and Future Directions 
7.1 Conclusions 
In this thesis, combinatorial catalyst synthesis strategies have been developed to 
construct spatially varying electrooxidation catalysts pertaining to the polymer electrolyte 
membrane fuel cells. Chemically sensitive surface-imaging techniques (namely, scanning 
electrochemical microscopy and optical screening with a pH-dependent fluorescence probe) 
were used to characterize the combinatorial catalyst samples. The reactivities of these 
catalyst libraries were deduced as a function of composition towards fuel cell anode reactions 
including oxidation of hydrogen (in the presence of carbon monoxide), methanol and ethanol. 
The following conclusions can be drawn from different parts of this thesis: 
Mapping the reactivity of a platinum coverage gradient (Chapter 3): In this 
section, a method to create spatially varying catalyst gradients for combinatorial discovery 
was presented. Reactivity screening using the SECM was demonstrated. A well-defined 
gradient in platinum coverage was prepared through an applied electric field gradient. The 
reactivity of this platinum gradient was mapped towards hydrogen oxidation using the 
SECM. The spatial mapping capability of the SECM was exploited to locally probe 
reactivity. The ability of SECM to differentiate noncatalytic reactions from catalytic 
reactions was utilized to differentiate active and inactive regions on the substrate. 
Quantitative reaction rate information was derived from the SECM data; linear dependence 
of hydrogen oxidation rate constant on platinum coverage was verified with the SECM. This 
chapter demonstrated the significance of the use of gradient library platform in combinatorial 
discovery to study the performance of catalyst systems as a function of a catalyst parameter 
(rate constant as a function of coverage in this case - but it can be extended to other 
performance parameters such as poison tolerance, and catalyst parameters such as surface 
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composition). The utility of the SECM as a screening tool to spatially map the reactivity of 
catalyst libraries towards a simple fuel cell electrooxidation reaction, namely, hydrogen 
oxidation, was established. This combinatorial methodology of synthesizing gradient 
libraries and screening the activity using the SECM can be applied towards the discovery of 
fuel cell anode catalysts. 
Reactivity screening of multicomponent catalyst arrays (Chapter 4): The 
capability of SECM to measure the activity of multicomponent catalysts towards 
electrooxidation reactions was validated by mapping the reactivity multicomponent 
platinum-ruthenium (PtxRuy) and platinum-ruthenium-molybdenum (PtxRuyMoz) catalyst 
arrays and comparing the results with bulk electrochemical experiments (cyclic 
voltammerty). Hydrogen oxidation activity and tolerance towards carbon monoxide (CO) 
were decoupled using the SECM. During the screening experiments, CO is delivered to the 
electrode surface from the solution while hydrogen is generated locally at the microelectrode 
tip. The response of the gold microelectrode was unaffected by the presence of CO and hence 
the tip response corresponds only to the rate of hydrogen oxidation on the substrate. This is a 
significant attribute which decouples multiple reactions on the catalyst surface and lets one 
study the influence of a surface poison on the rate of the reaction of interest (hydrogen 
oxidation). 
The onset of hydrogen oxidation on CO covered catalyst surfaces were quantitatively 
determined. The SECM tip measures the increase in the rate of hydrogen oxidation as a 
function of potential, which occurs in parallel with the removal of CO from the catalyst 
surfaces. The addition of Ru and Mo to Pt showed enhanced CO-tolerance activity with 
several PtxRuy and PtxRuyMoz compositions exhibiting hydrogen oxidation at lower 
potentials than Pt; PtxRuy catalysts with compositions of 6 % < Ru < 34 % exhibited 
hydrogen oxidation activity in the presence of CO at potentials ~ 0.35 V lower than pure Pt 
while addition of 10 % < Mo < 25 % to Pt-Ru improved the poison tolerance by a further 0.2 
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V. This is attributed to the ability of Ru and Mo to dissociate water at low potentials to 
provide surface oxides promoting CO oxidation. This was confirmed with cyclic 
voltammetry studies which suggested the presence of surface oxides on catalysts with Ru and 
Mo removes CO at lower potentials than on pure Pt and this observation is consistent with 
that available in literature. Thus, the capability of SECM as a screening tool for 
combinatorial discovery of fuel cell catalysts was validated in this chapter. 
Construction and reactivity mapping of PtxRuy binary catalyst gradient 
(Chapter 5): A novel gel-transfer method for synthesizing catalyst gradient libraries for 
combinatorial catalyst discovery was developed. The gel-transfer method involves 
transferring a spatial concentration gradient of precursor metal salts created within a polymer 
gel on to a solid conducting substrate by electrochemical reduction. When combined with the 
reactivity screening capability of SECM towards complex electrooxidation reactions, this 
represents a valuable method for combinatorial catalyst discovery. A platinum-ruthenium 
(PtxRuy) binary composition gradient was constructed and its reactivity towards H? / CO 
oxidation was mapped using the SECM. The optimum composition region (i.e. 20 % < Ru < 
30 %) was deduced quantitatively by combining the rate constant data and the poison 
tolerance data. 
The gel-transfer technique can be used to construct dense and continuous 
combinatorial libraries. It has advantages over other sample preparation techniques that 
include simple experimental design and an ability to avoid large numbers of physical 
masking-and-deposition steps or complex mixing-and-delivering techniques. However, a 
limitation of this technique in the present form is that only catalyst gradients of metals that 
can be electrochemically deposited from their precursor salts can be prepared. This limitation 
could be overcome by making modifications in the experimental method. For example a 
porous substrate could be used instead of a solid substrate; a concentration gradient of the 
metal salts can be created within a gel that is deposited on one side of the porous substrate 
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and the metal salts can be chemically reduced by introducing solution containing reducing 
agents (e.g., NaBH4) through the other side of the porous substrate. This would result in the 
reduction of the metal ions. Also, during electrodeposition, the deposition kinetics of the 
metals influences the distribution of the catalyst gradient; this implies that gradients of only 
those metals that have favorable co-electrodeposition kinetics can be prepared using this 
method. This limitation can again be overcome by employing chemical reduction. However, 
this presents problems for preparing surface deposits as it is difficult to limit the reduction 
process only on the surface. 
A limitation of SECM as a screening tool lies in the time required for screening large 
two dimensional libraries. For example, a single SECM line scan across a one-dimensional 
catalyst sample that is 15 mm long takes 150 sec at a tip scan rate of 100 pm s"1. Deducing a 
complete set of potential-dependent reactivity measurements in the presence of catalyst 
poisons required ~ 100 min. For a 15 mm x 15 mm two-dimensional sample, the estimated 
experimental time is -1000 hrs (as estimated in chapter 2). This experimental time is too 
high, which limits the SECM in the current configuration towards reactivity screening of 
large two-dimensional libraries. This can be overcome by employing highly dense and 
smaller sized libraries so that the scan area is smaller, which consequently decreases the 
scan-time. The resolution of the SECM must also be kept in mind while increasing the 
density of the library. The SECM resolution depends on the tip size and the tip substrate 
separation (Chapter 2). Thus, in addition to shrinking the library size, smaller SECM tips and 
lower tip-substrate separations have be used while screening these catalyst libraries. 
Optical screening of ternary catalyst gradient (Chapter 6): To overcome the 
above limitations, a more rapid screening tool can be employed to scan larger 
multicomponent libraries. Optical screening is a highly parallel and rapid screening tool that 
has been successfully used to identify highly activity fuel cell electrooxidation catalysts [1], 
In this chapter, we extended the gel-transfer method to construct multi-component catalyst 
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libraries and study their reactivity by optical screening. A platinum-ruthenium-rhodium 
(PtxRuyRhz) catalyst library was synthesized and its reactivity towards hydrogen, CO, 
methanol and ethanol oxidation reactions characterized. An optical screening technique 
based on a pH-dependent fluorescent probe (quinine) that detects the presence of protons was 
used to deduce the potential-dependent reactivity. Active regions and trends in catalytic 
active of the Pt-Ru-Rh ternary towards electrooxidation reactions were identified as follows: 
• CO oxidation: 30 % < Pt < 65 %; 20 % < Ru < 40 %; 20 % < Rh < 35 % 
• Methanol oxidation: 30 % < Pt < 60 %; 15 % < Ru < 40 %; 25 % < Rh < 55 % 
• Ethanol oxidation: 25 % < Pt < 45 %; 45 % < Ru < 65 %; 10 % < Rh < 40 % 
From these optical screening results, it is speculated that Ru activates C-H and C-C bonds in 
addition to removing CO at lower potential while Rh could activate C-H bond better than Ru 
but its influence on C-C bonds is unclear. It should be noted that although the present results 
identified highly active compositions, a more thorough investigation of these active 
compositions is necessary to establish the enhancing effects of Ru and Rh and implement 
these catalysts in PEMFCs (discussed in section 7.2). 
The optical screening method used here suffers from limited spatial resolution due to 
the diffusion of products (~ 500 pm) compared to the SECM (~ 40 pm at a tip substrate 
separation of 5 pm for a 25 pm diameter tip). Thus, only a lower number of compositions 
can be evaluated in a given sample area via this optical method. Nevertheless, optical 
screening can be used as a primary screening technique to rapidly identify active regions in 
catalyst libraries. 
7.2 Future Directions 
The synthesis of gradient-type combinatorial libraries using the gel-transfer method 
and their screening using the scanning electrochemical microscopy and optical screening 
techniques described in this research represents an effective combinatorial discovery routine. 
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In addition to identifying highly active compositions this methodology also enables one to 
establish performance vs. composition relationships. With respect to the current results, the 
trends in reactivities of the Pt-Ru-Rh ternary catalyst system towards Hz, CO, methanol and 
ethanol oxidation reactions were established. We observed an increase in poison tolerance 
with the addition of Ru and Rh to Pt and discussed the possible effects of Ru and Rh towards 
activation of C-H and C-C bonds in addition to removal of CO and other catalyst-
deactivating species. 
The onset potentials observed for methanol and ethanol (0.22 V) on the most active 
PtxRuyRhz compositions are close to the target potentials (< 0.2 V) discussed in Chapter 1. 
This anodic potential value is lower than the working potential of methanol on the platinum 
catalyst which is > 0.6 V vs. RHE [2, 3]. Notably, these onset potentials are lower compared 
to best PtxRuy compositions which exhibit lowest onset potentials of ~ 0.35 V vs. RHE [3, 4]. 
However, as we detect the onset of reactions, the rates for these oxidation reactions might be 
lower at these potentials. A high oxidation rate and hence a high current density is required at 
a given operating potential to achieve practical power density values. Hence, the catalyst 
compositions identified in this study have to be tested and investigated further before the 
actual use in practical fuel cell applications: 
• The current state-of-the-art PEM fuel cells consist of a membrane electrode 
assembly (MEA) wherein the anode and cathode catalyst layers are impregnated 
as supported catalysts on either side of a conducting polymer membrane. The 
catalysts are typically dispersed on a carbon support as nanoparticles. This is done 
to increase the surface area of the catalyst and hence maximize the catalyst 
utilization (smaller particles have higher surface areas and hence higher mass-
specific activity). The state-of-the-art commercial fuel cell catalysts have particles 
sizes in the range 2-5 nm [5] and the typical particle sizes obtained in the current 
work were around 30 nm. The highly active catalyst compositions identified in 
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this study have to be prepared as supported catalysts with particle sizes as the 
commercial catalysts, dispersed in a MEA and their activity tested in actual fuel 
cell conditions. 
• In the present study highly active Pt-Ru-Rh catalyst compositions were identified 
based on the onset potential of the electrooxidation reactions. Long-term behavior 
of the catalyst at these potentials (chronoamperometry studies - current as a 
function of time at constant potential) has to be established to see if the catalyst 
performance decreases with time. Also, the polarization behavior, i.e., cell voltage 
vs. current density, and hence the power density vs. current density plot has to be 
measured. This plot will help determine the optimum operating conditions (i.e., 
the desired potential and current density) for the fuel cell to maximize the cell 
performance (maximum power output at a given potential or current density 
value). 
• As discussed in Chapter 1, the primary goal is to bring down the cost of catalysts 
in the fuel cells to enable their use in practical applications. This can be achieved 
by decreasing the catalyst loading to less than 0.4 g of catalyst per kW of power 
derived. A study on the variation of power density as a function of the catalyst 
loading has to be performed and the optimum loading that gives the rated power 
density identified. It has to be noted that the catalyst loading should be 
comparable to the targets set. Based on the results from this measurement the cost 
of catalyst can be estimated to see if they meet the target catalyst cost of $7.2 per 
kW (Chapter 1). 
• The stability of the catalyst in the fuel cell environment must also be tested. There 
should be no loss of catalysts which otherwise would result in the decrease in the 
performance (power output) and eventual breakdown of the fuel cell. Another test 
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to be conducted is the life-cycle test - to see how many hours the fuel cell can 
operate without its performance being lowered appreciably. 
The optical screening method represents a primary screening procedure which 
identified active zones in a rapid manner and also provided trends in reactivity. To obtain a 
more thorough (quantitative) information, smaller libraries containing the composition zones 
predicted by primary screening can be constructed and subject to quantitative analysis using 
surface analytical tools like SECM or scanning differential mass spectrometry (SDEMS). 
From these studies, one can obtain quantitative information about reaction rates, reaction 
pathways, extent of the reactions (i.e., percentage of the fuel that is completely oxidized to 
CO2), etc. This will help deduce the mechanisms behind the improved activity of these 
catalysts and provide insights for better catalyst design. 
In addition to the binary and ternary catalyst systems studied in this research, rapid 
synthesis and screening of catalyst libraries consisting of other elements (e.g., Mo, Ir, Os, Sn) 
alloyed with platinum that have been predicted to improve the catalyst activity can be 
performed to identify promising compositions. An experimental protocol can be developed 
wherein multicomponent catalyst libraries can be synthesized rapidly using the gel-transfer 
technique followed by optical screening (primary screening) to identify active zones. This 
can be followed by a more thorough secondary screening of smaller focus libraries with 
SECM or SDEMS to elucidate the activity and reaction pathways to pin down optimum 
catalyst formulation and understand the mechanisms behind the enhanced activities. Since 
the primary screening is very rapid, the catalyst libraries can be subject to testing towards 
several reactions relevant to fuel cells (for example, oxidation of liquid organic fuels such as 
methanol, ethanol, propanol, ethylene glycol, glycerol, etc.) and trends in reactivity can be 
established within a very short time period apart from identifying promising catalyst 
compositions. 
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Improvements in the current in situ reactivity screening methods will augment 
combinatorial catalyst discovery. For instance, the utility of SECM can be furthered as a two-
dimensional reactivity screening tool by employing an array of micro- or nano-sized tips, 
reactivity of a larger area can be mapped in a shorter time compared to a single tip; by 
employing faster tip scan rates during the SECM scans will reduce the screening time 
considerably; also, as discussed earlier, smaller tip-substrate separations (if smaller diameter 
tips are employed) improve the resolution of SECM that will allow the use of compact 
libraries. In the case of optical screening, the use of a spectrophotometer to detect 
fluorescence intensity (at the wavelength where fluorescence occurs) and automating the 
process of potential stepping and image capturing using a computer will enhance spatial 
resolution as well as allows a more quantitative reactivity mapping. 
The combinatorial methodology demonstrated in this work can be extended to the 
discovery of catalysts for reactions other than fuel cell electrooxidation reactions. For 
example, combinatorial screening studies of various reactions such as selective oxidation of 
naphthalene [6], hydrolysis of esters [7], oxidation of iso-octane [8], oxidation of propene 
[9], photocatalysis [10], ethylene polymerization [11] etc. have been performed on array-type 
catalysts. A continuous gradient of catalyst libraries can be prepared rapidly using the gel-
transfer method and screened for reactivity using rapid screening tools (for e.g., fluorescence 
screening). Apart from catalysis, the methods outlined in this thesis can be applied in other 
fields to discover novel material with targeted properties as well as to understand property vs. 
performance relationships. A few of the possible applications of this methodology are 
discussed below. 
Molecular gradients: Molecular gradients are of particular interest in determining the effect 
of chemistry and molecular organization of chemical groups on surfaces on the behavior of 
surface modifiers [12] as well as in the study of libraries of organic semiconductors [13]. 
These molecular gradients (for example, as studied in [12], fluorinated silane self assembled 
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monolayers) can be controllably created using gel-transfer technique where concentration 
gradients can be created inside the polymer gel. The electrochemical activity and the effect of 
coverage and structure of these monolayers can be studied with the SECM using targeted 
redox probes as the tip reaction. For example, for an insulating monolayer gradient on gold, a 
redox probe like Ru(NH3)ô3+/2+ can be used as a tip reaction and the tip scanned across the 
substrate; the changes in the magnitude of the tip current would reflect the local coverage of 
the monolayer. Since the probe reactions can be localized at the tip electrode, the absolute 
behavior of the substrate at a given location can be obtained without interference from other 
parts of the substrate. In the case of organic semiconductors which primarily find 
applications in organic light emitting diodes, for instance, thin-film gradient libraries of K-
conjugated organic compounds [13] can be synthesized by transferring these molecules from 
a gel onto a substrate and screened towards electronic properties such as photoluminescence. 
Electrochemical applications: Combinatorial methodology can be applied to 
electrochemical applications like the discovery of novel electrode material for batteries, 
amperometric sensors, electrochemically co-deposited alloys (e.g, Cu-Zn), deposition of 
nanoparticles, etc. Using the gradient fabrication technique, spatially varying libraries of 
these materials can be synthesized in parallel and screened towards the property of interest. 
Another potential application is the study of corrosion processes combinatorially: for 
example, a concentration gradient of anions (like CI", Br", etc.) can be created within a gel 
that is in contact with a substrate (e.g., stainless steel, aluminium) and the effect of the 
concentration of these anions on the corrosion properties (initiation and formation of 
localized corrosion pits etc.) of the substrates can be deduced by screening with the SECM 
[14]. A possible problem that might arise in this methodology if the time scales of corrosion 
is very long compared to the diffusion process inside the gel; in this case, a uniform 
concentration of the metal ions will be created in the gel before corrosion processes start. 
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Polymers and biological applications: In recent years, combinatorial methods have been 
widely applied in discovery of polymeric materials with tailored properties [15] that involve 
synthesis of gradient in polymer thickness, composition, morphology, etc. There also have 
been studies on end-grafted polymers that modify the surface properties of the substrates like 
adhesion, lubrication, wettability, friction, etc. [16]. Gradients in polymer compositions can 
be created using the gel-transfer method by localizing the concentrations of the monomers 
and transferring it by deposition on to the substrates. But the limiting criteria in this case 
might be that the polymers must be readily formed through electrodeposition. Biomaterials 
with specific applications such as targeted drug delivery and biosensors are of great 
importance in life-science research. Combinatorial methods can be applied in the discovery 
of these materials as well as to study the interaction of biomolecules with other materials like 
polymers. Gradient libraries of molecules sensitive to biological species can be grafted using 
gel-transfer method on substrates and their interactions with various species of biological 
molecules can be studied. 
191 
7.3 References 
1. Reddington, E., et al., Combinatorial electrochemistry: A highly parallel, optical 
screening method for discovery of better electrocatalysts. Science, 1998. 280(5370): 
p. 1735-1737. 
2. Bagotzky, V.S., N.V. Osetrova, and A.M. Skundin, Fuel cells: State-of-the-art and 
major scientific and engineering problems. Russian Journal of Electrochemistry, 
2003. 39(9): p. 919-934. 
3. Lamy, C., et al., Recent advances in the development of direct alcohol fuel cells 
(DAFC). Journal of Power Sources, 2002.105(2): p. 283-296. 
4. Jambunathan, K., S. Jayaraman, and A.C. Hillier, A multielectrode electrochemical 
and scanning differentiale electrochemical mass spectrometry study of methanol 
oxidation on electrodepositedPtRu. Langmuir, 2004. 20: p. 1856-1863. 
5. www.etek-inc.com/commercial.php. Commercial products catalog. Accessed June 6, 
2004. 
6. Su, H., et al., Combinatorial screening of heterogeneous catalysts in selective 
oxidation of Naphthalene by laser-induced fluorescence imaging. Analytical 
Chemistry, 2001. 73: p. 4434-4440. 
7. Caturla, F., et al., New fluorescent probes for testing combinatorial catalysts with 
phophodiesterase and esterase activities. Tetrahedron, 2004. 60: p. 1903-1911. 
8. Cong, P. J., et al., High-throughput synthesis and screening of combinatorial 
heterogeneous catalyst libraries. Angewandte Chemie-Intemational Edition, 1999. 
38(4): p. 484-488. 
9. Holzwarth, A., H.-W. Schmidt, and W.F. Maier, Detection of catalytic activity in 
combinatorial libraries of heterogeneous catalysts by IR thermography. Angewandte 
Chemie-Intemational Edition, 1998. 37(19): p. 2664-2647. 
10. Jaramillo, T.F., et al., Combinatorial electrochemical synthesis and screening of 
mesoporous ZnO for photocatalysis. Macomolecular Rapid Communications, 2004. 
25: p. 297-301. 
11. Kolb, P., et al., Parallel synthesis and testing of catalysts for the polymerization of 
ethylene. Macomolecular Rapid Communications, 2004. 25: p. 280-285. 
12. Fischer, D.A., et al., Mapping surface chemistry and molecular orientation with 
cominatorial near-edge x-ray absorption fine structure spectroscopy. 
Macromolecular Rapid Communications, 2004. 25: p. 141-149. 
13. Fukumoto, H., et al., Combinatorial physical vapor deposition ofpi-conjugated 
organic thin film libraries. Macromolecular Rapid Communications, 2004. 25: p. 
196-203. 
14. Wipf, D.O., Initiation and study of localized corrosion by scanning electrochemical 
microscopy. Colloids and Surfaces A - Physicochemical and Engineering Aspects, 
1994. 93: p. 251-261. 
15. Meredith, J.C., A. Karim, and E.J. Amis, High-throughput measurement of polymer 
blend phase behavior. Macromolecules, 2000. 33(16): p. 5760-5762. 
16. Ionov, L., et al., Gradient polymer layers by "grafting to" approach. Macromolecular 
Rapid Communications, 2004. 25: p. 360-365. 
192 
Acknowledgements 
First and foremost I would like to thank Prof. Hillier for his support, guidance and 
encouragement throughout my graduate study. I thank my parents and sisters for their 
unconditional love and support they have provided thus far. One cannot even start putting in 
words the sacrifices (the word "sacrifice" is an understatement to say the least) my parents 
have done for me to be in this place at this stage of my life. 
I wish to express my gratitude to all my teachers and professors who, at some point or 
the other, have inspired me to push myself to do justice to my potential. Dr. N. G. 
Renganathan (CECRI) is a rare and altruistic individual whom I had the privilege to work 
with and learn from during my undergraduate studies. I am also deeply indebted to Dr. S. 
Mohan (CECRI) for his guidance and help during my undergraduate days. I wish to extend 
my appreciation to my high-school teachers Mr. Baluchamy, Mr. Muthazhagan and Mr. 
Santhanam who constantly encouraged me during the early years and helped me transform 
from being a below-average student to a decent one. 
Friends hold a special place in my heart who are always on my side and help me see 
through difficult phases and take genuine pride and happiness in my success. I would like to 
start by thanking my childhood friends from DAV-BHEL school, Ranipet, a majority of 
whom are still an integral part of my life. Special mention goes to Regu (Kulls), Shubha and 
Pumima who literally pulled me out of abjection during one of the most difficult times. I 
wish to thank my friends from CECRI , especially Shakthi, Bharan, Kamal, Raman, Lee, 
Vishal, Parthiban, Raj an Babu, Venkatachalam and Basker for trusting me to make them 
proud. I thank Priyam and Karthik of University of Virginia for making my stay at 
Charlottesville a pleasant one. I also like to thank an amazing bunch of people whom I was 
fortunate to be associated with during my stay at Ames: Kamal, Mothi, Kousik, Dinesh, 
Murali, Rahul, Vidya, Rajee, Shantha, Chinni and Abhra. I am especially indebted to Kamal, 
193 
Mothi and Vidya for being there for me and help me seeing through my worst nightmare. My 
man Mothi -1 have no words to express my gratitude towards you my friend. 
I would also like to express my appreciation to all of the Hillier-group members for 
making my research experience a pleasurable one: Krishna, Donald, Kousik, Anju, Karine, 
Lu, Zhanqui, Chang-Hoon, Erin, Bipin and Yi. I thank professors, secretaries and other 
support staff both at University of Virginia and at Iowa State University. 
Last but definitely not the least, I would like to thank the almighty God for 
everything. Special mention goes to my buddies Balaji and Anjaneya! 
